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NASA-UVa LIGHT AEROSPACE ALLOY AND

TECHNOLOGY PROGRAM (LAZST)

STRUCTURES

Executive Summary

The NASA-UVa Light Aerospace Alloy and Structures Technology (LA2ST)

Program was initiated in 1986 and continues with a high level of activity. Projects are

being conducted by graduate students and faculty advisors in the Department of Materials

Science and Engineering at the University of Virginia. This work is funded by the

NASA-Langley Research Center under Grant NAG-1-745. Here, we report on progress

achieved between July 1 and December 31, 1995.

The objective of the LAEST Program is to conduct interdisciplinary graduate student

research on the performance of next generation, light-weight aerospace alloys, composites

and thermal gradient structures in collaboration with NASA-Langley researchers. Specific

technical objectives are presented for each research project. We generally aim to produce

relevant data and basic understanding of material mechanical response,

environmental/corrosion behavior, and microstructure; new monolithic and composite

alloys; advanced processing methods; new solid and fluid mechanics analyses;

measurement and modeling advances; and a pool of educated graduate students for

aerospace technologies.

The accomplishments presented in this report are summarized as follows.

• Three research areas are being actively investigated, including: (1) Mechanical and

Environmental Degradation Mechanisms in Advanced Light Metals, (2) Aerospace

Materials Science, and (3) Mechanics of Materials for Light Aerospace Structures.

• Ten research projects are being conducted by 10 Phi) and 1 MS level graduate

students, 2 post doctoral fellows and 6 faculty members. Each project is planned

and executed in conjunction with a specific branch and technical monitor at

NASA-LaRC.

• Two undergraduates conducted research in the Metallic Materials Branch at NASA-

LaRC during the Summer of 1995. No undergraduates are currently participating

in LAaST research at UVa.

• Collective accomplishments between July and December of 1995 include: 11

journal or proceedings publications, 1 NASA progress report, 3 presentations at

national technical meetings, and 2 PhD dissertations published. Two students

graduated during this reporting period; 1 with the Masters of Science Degree in
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MaterialsScienceandEngineering,and1with theDoctorof Philosophy Degree in

Materials Science and Engineering at UVa. The LA2ST totals since 1986 are 113

publications (71 archival journal or book publications), 22 PhD dissertations or MS

theses, 112 external technical presentations, 18 NASA progress reports, and 4

NASA Contractor Reports. Since 1986, 34 graduate students, including 31 citizens

of the United States, have been involved with LA2ST research; 22 have received the

MS or PhD degree. Six post-doctoral research associates have participated in

LA2ST research. A total of 13 different faculty have worked on the LA2ST

program.

Sornmary of Recent Results

Research on the elevated temperature fracture toughness of advanced aluminum

alloys demonstrates that fracture initiation toughness in thin sheet aluminum alloys is

characterized accurately and precisely by a standardized measurement based on direct

current potential difference detection of microvoid damage. The critical distance parameter

1" from a micromechanical model of initiation toughness, calculated based on measured

toughness and tensile properties, correlates with the three-dimensional nearest neighbor

spacing of constituent particles for several aluminum alloys and steels. The multiple of

particle spacings that constitutes the critical distance increases with the extent of primary

void growth from constituents. (Project #1)

Evaluation of alternative inhibited NaC1 solutions necessary for the proposed

fracture mechanics based SCC testing of AA2096 and C 155 alloys in controlled

electrochemical environments has begun. Solutions of 1 M Na2SO4 + 0.1 M

CH3COONa,3H20 acidified to pH=3.8 and with varying levels of NaC1 (0, 0.01, 0.1, and

0.5 M) have shown some interesting promise as a possible alternative to chromate-inhibited

solutions. The results are somewhat preliminary, with further optimization of solution

chemistry underway. (Project #5)

Research on the deformation and fracture of high strength titanium alloys

demonstrates that the direct current potential difference technique effectively monitors crack

initiation and growth in fatigue precracked specimens of TIMET LCB sheet and plate. The

initiation fracture toughness of LCB sheet is significantly greater than the corresponding

prope_ies of plate. The fracture resistance of TIMET LCB sheet is comparable to that of

Beta C and the lower bound on strength dependent toughness for Beta-21S. The fracture

toughness of LCB sheet is sufficient to characterize the effects of elevated temperature and
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predissolved hydrogen. This work will be augmented by experiments with either Ti- 15-3

or Beta-21S sheet. (Project #6a)

Unexpectedly low strength and high microstructural segregation of LCB plate and

sheet received from TIMET prompted the addition of the more promising Ti 15-3 alloy to

this program. Identification of deformation modes in Ti 15-3 will begin first on beta

solutionized material. The effects of alpha-beta heat treatment and various ageing processes

will then be studied. (Project #6b)

The yield strength anisotropy for a series of four microstructurally distinct regions

in the 2090 extrusion has been accurately predicted using the plastic inclusion model. A

strong understanding of the role that matrix and precipitate effects play in the total plastic

anisotropy of aluminum alloys has been achieved. (Project #7)

The experimental observation that the tensile ductility in a recently developed

A1-0.55Si-2.02Ge (wt.%) alloy decreases with increasing precipitate size while the critical

strain for cavity nucleation increases has been explained using finite element calculations

and experimental void growth measurements. (Project #8)

The precipitate microstructure of the A1-Cu-Mg-Ag alloys C415-T8 and C416-T8

was found to be very stable against coarsening under creep loads of 30 ksi at 275°F and 40

ksi at 225°F. (Project #9)

Research on time-cycle-dependent environmental fatigue in 7000-series aluminum

alloys characterized the loading frequency dependence of crack growth rate for AA7075 in

aqueous NaC1. A complex behavior was observed for T6 and T7 tempers; crack growth

rate is reduced (da/dN _ f_0.1) at high frequencies due to reduced time for crack tip

embrittlement, and at low frequencies due to increased crack closure in uninhibited

solution. Neither crack orientation (S-L vs L-T) nor temper (T651 vs T7351) affected the

environmental enhancement of da/dN in the Paris regime. (Project #10a)

Research on modeling environmental effects on fatigue crack propagation was

completed. Results include a FORTRAN program, UVAFAS, to model da/dN vs AK with

three approaches; linear superposition, empirical-interpolation, and multiple-power law

fitting. This code was tested with literature data for a range of alloys, as well as with new

stress corrosion cracking and corrosion fatigue data for AA7075-T651 and Ti-6AI-4V

(ELI) in chloride solutions. Linear superposition was inadequate because these two alloys

resist SCC. While the interpolative model describes time-cycle-dependent environmental

fatigue within the defining data base, a fundamental mechanistic approach is required to

broadly predict crack growth kinetics. (Project #lOb)
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INTRODUCTION

Background

In 1986 the Metallic Materials Branch in the Materials Division of the

NASA-Langley Research Center initiated sponsorship of graduate student engineering and

scientific research in the Department of Materials Science and Engineering at the University

of Virginia[I]. This work emphasized the mechanical and corrosion behavior of light

aerospace alloys, particularly A1-Li-Cu based compositions, in aggressive aerospace

environments[2-4].

In the Fall of 1988, the scope of this program increased to incorporate research on

the development and processing of advanced aerospace materials[5]. Additional funding

was provided by the Metallic Materials and Mechanics of Materials Branches at

NASA-LaRC. In early 1989 the program was further enhanced to include interdisciplinary

work on solid mechanics and thermal structures, with funding from several Divisions

within the Structures Directorate at NASA-LaRC[6]. The Departments of Civil Engineering

(Applied Mechanics Program) and Mechanical and Aerospace Engineering participated in

this expanded program. With this growth, the NASA-UVa Light Aerospace Alloy and

Structures Technology Program (or LA2ST Program) was formed within the School of

Engineering and Applied Science at UVa.

Since 1989, the LA2ST program has operated with full participation from 6 to 13

faculty and 10 to 15 graduate students, yearly, as outlined in the last 11 progress

reports[7-19] and six grant renewal proposals[20-261. Five 2-day Grant Review Meetings

have been held in July at the Langley Research Center, with over 25 faculty and graduate

students from UVa participating at each meeting[9,11,13,15,17,19]. Since 1990,

undergraduate engineering students have been involved in research projects at both

NASA-LaRC and UVa.

In October of 1991, E.A. Starke proposed a substantial enhancement to the base

LA2ST Program[27,28]. The objective of this supplement was to involve UVa faculty with

engineering scientists from aluminum alloy producers and airframe manufacturers in a

broad research program to develop aluminum alloys and composites for elevated

temperature High Speed Civil Transport applications. This research began in January of

1992 and the results are separately reported. The LA2ST and HSCT activities were merged

in 1995124].



Problem and Needs

Future aerospace structures require high performance light alloys and metal matrix

composites with associated processing and fabrication techniques; new structural design

methods and concepts with experimental evaluations; component reliability/

durability/damage tolerance prediction procedures; and a pool of masters and doctoral level

engineers and scientists. Work on advanced materials and structures must be

interdisciplinary and integrated. The thermal and chemical effects of aerospace

environments on light metals and composites are particularly important to material

performance. Nationally, academic efforts in these areas are limited. The NASA-UVa

LA2ST Program addresses these needs.

LA2ST Program

As detailed in the original proposal[6l and affirmed in the most recent renewal[261,

faculty from the Departments of Materials Science and Engineering, Mechanical and

Aerospace Engineering, and Civil Engineering and Applied Mechanics at UVa have

participated in the LA2ST research and education program focused on high performance,

light weight, aerospace alloys and structures. We aim to develop long term and

interdisciplinary collaborations between graduate students, UVa faculty, and

NASA-Langley researchers.

Our research efforts are producing basic understanding of materials performance,

new monolithic and composite alloys, advanced processing methods, solid and fluid

mechanics analyses, measurement advances, and new methods for modeling material

microstructure and properties. A major product of the LA2ST program is graduate students

with interdisciplinary education and research experience in materials science, mechanics

and mathematics. These advances should enable various NASA technologies.

The scope of the LA2ST Program is broad. Three research areas are being

investigated, including:

• Mechanical and Environmental Degradation Mechanisms in Advanced Light Metals

and Composites,

• Aerospace Materials Science,

• Mechanics of Materials for Light Aerospace Structures.

Ten research projects are currently ongoing within these areas, and are reported

here. These projects involve six faculty, and eleven graduate students. Ninety-one pct of
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thegraduatestudentsarecurrentlyatthedoctorallevel(10of 11),all arecitizensof the

UnitedStates,two arecosponsoredbyprivateindustry,andtwoareconductingall

researchattheLangleyResearchCenter.In eachcasetheresearchprovidesthebasisfor

thethesisordissertationrequirementof graduatestudiesat theUniversityof Virginia.
Eachprojectis developedin conjunctionwith aspecificLaRCresearcher.Researchis

conductedateitherUVa orLaRC,andundertheguidanceof UVa facultyandNASA staff.

Participatingstudentsandfacultyarecloselyidentifiedwith aNASA-LaRCbranch.

Organization of Progress Report

This progress report first provides LA2ST Program administrative information

including statistics on the productivity of faculty and graduate student participants, a history

of current and graduated students, refereed or archival publications, and a list of ongoing

projects with NASA and UVa advisors.

Ten sections summarize the technical accomplishments of each research project,

emphasizing the period from July I to December 3 I, 1995. Each section contains a brief

narrative of objective, recent progress, conclusions and immediate milestones. Appendices

I through III document grant-sponsored publications, conference participation and citations

of all LA2ST Progress Reports produced since 1986.
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SUMMARY STATISTICS

TableI documentsthenumbersof studentsandfacultywhohaveparticipatedin the

LAZSTProgram,bothduringthisreportingperiodandsinceprograminceptionin 1986.

Academic and research accomplishments are indicated by the degrees awarded, publications

and presentations. Graduate students and research associates who participated in the

LA2ST Program are named in Tables II and 111, respectively.

TABLE I: LA2ST Program Statistics

Current
7/1/95 to 12/31/95

PhD Students--UVa:
--NASA-LaRC:

9

1

MS Students--UVa:

--NASA:

--VPI:

0

1
0

Cumulative

1986 to 12/31/95

22
1

9

1
1

Undergraduates--UVa:
--NASA-LaRC:

Faculty--UVa:
--VPI:

Research Associates--UVa:

PhD Awarded:

MS Awarded:

Employers--NASA:
--Federal:

--University:
--Industry:
--Next degree:

Publications:

Presentations:

Dissertations/Theses:

NASA Reports:

0
2

6
0

2

2

0

1
0
0
1
0

ll

3

2

1

9
15

12
1

5

15

7

4
4
1
7
5

113

112

22

22
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GRANT PUBLICATIONS: (REFEREED JOURNALS, ARCHIVAL VOLUMES

AND NASA CONTRACTOR REPORTS)

The following papers are based on research conducted under LA2ST Program
support, and are published in the referred or archival literature.

71. J.A. Weft and M.T. Lyttle, "Microstructure Evolution Dduring High-Temperature
Deformation of Aluminum Alloys", 16th Riso International Symposium on
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Juul Jensen, Y.L. Liu and B. Ralph (eds), Riso National Laboratory, Roskilde,
Denmark, 1995, pp.589-594.
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creep conditions of two A1-Cu-Mg-Ag Alloys. Submitted to The 5th International
Conference on Aluminum Alloys, ICAA-5, Grenoble, France.
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July 1-5, 1996).
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Experimental Analysis of Cavity Nucleation in an AI-Si-Ge Alloy", Acta
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Kelly, eds. Electrochemical Soc., in press, 1995. (invited)

63. S.T. Pride, S.T. Pride, J.L.Hudson, "Analysis of Electrochemical Noise from
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ADMINISTRATIVE PROGRESS

Post Doctoral Participation

Dr. Hinrich Hargarter replaces Dr. Birgit Skrotzki as a Post Doctoral Fellow on the

LA2ST Program. Dr. Skrotzki returned to Germany and has joined the faculty at the

University of Bochum.

Graduate Student Recruitment

The LA2ST Program has encountered no problems in recruiting the best graduate

students entering the participating Departments at UVa, and in sufficient numbers to achieve

our education and research objectives. Ms. Susan M. Kazanjian joins the program after

spending nine years in industry as a materials engineer. She received her B.S. in Materials

Science and Engineering from Rensselaer Polytechnic Institute in May, 1986. Her LA2ST

research focuses on microstructure/property relationships in Ti alloys.

Undergraduate Research Participation

In April of 1990, the LAaST Program was increased in scope to include undergraduate

engineering students. Four students worked at NASA-LaRC during the Summer of 1990,

none were recruited for the 1991 program, and seven were successfully recruited to work at

NASA-LaRC during the Summer of 1992. Each student was a rising senior in an engineering

or science major closely related to aerospace materials and mechanics. Represented

universities have included Harvard, Georgia Institute of Technology, Virginia Polytechnic

Institute, Duke, the University of Missouri, California Polytechnical Institute, and North

Carolina State University. Professor Glenn E. Stoner assumed responsibility for the 1993

Summer Undergraduate Program. In the summer of 1995, two students from the

Pennsylvania State University and Duke University worked in the Metallic Materials Branch at

NASA-LaRC. Two rising seniors from Duke and Pennsylvania State University will be

participating in the program during the summer of 1996.
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CURRENT PROJECTS

MECHANICAL AND ENVIRONMENTAL DEGRADATION MECHANISMS
IN ADVANCED LIGHT METALS AND COMPOSITES

•

o

.

4,

TIME-TEMPERATURE DEPENDENT FRACTURE IN ADVANCED WROUGHT
INGOT METALLURGY, AND SPRAY DEPOSITED ALUMINUM ALLOYS

Faculty Investigator: R.P. Gangloff
Graduate Student: Michael J. Haynes; PhD (direct) candidate

UVa Department: MS&E
NASA-LaRC Contact: A. P. Reynolds (Metallic Materials)
Start Date: September, 1992
Completion Date: September, 1996
Project #1

CRYOGENIC TEMPERATURE EFFECTS ON THE DEFORMATION AND
FRACTURE OF A1-Li-Cu-In ALLOYS

Faculty Investigator: R.P. Gangloff
Graduate Student: John A. Wagner; PhD candidate and NASA-LaRC

employee
UVa Department: MS&E
NASA-LaRC Contacts: W.B. Lisagor (Metallic Materials) and J.C.

Newman (Mechanics of Materials)
Start Date: June, 1987

Anticipated Completion Date: December, 1995
Project #2

EFFECTS OF AGING AND TEMPERATURE ON THE DUCTILE FRACTURE OF
AA2095 AND AA2195

Faculty Investigator: R.P. Gangloff
Graduate Student: Cynthia L. Lach; MS candidate and NASA- LaRC

employee
UVa Department: MS&E
NASA-LaRC Contacts: W.B. Lisagor (Metallic Materials)
Start Date: August, 1990
Anticipated Completion Date: December, 1995
Project #3

MECHANISMS OF LOCALIZED CORROSION IN 2090 AND X2095

Faculty Investigator: G.E. Stoner
Graduate Student: Douglas Wall; PhD candidate
UVa Department: MS&E
NASA-LaRC Contact: M.S. Domack (Metallic Materials)
Start Date: April, 1991
Completion Date: December, 1995
Cosponsor: Reynolds Metals Company (A. Cho)
Project #4
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6a.

HYDROGEN INTERACTIONS IN ALUMINUM-LITHIUM 2090 AND SELECTED
MODEL ALLOYS

Faculty Investigator: John R. Scully
Graduate Student: Keith Eklund; PhD Candidate

UVa Department: MS&E
NASA-LaRC Contact: W.B. Lisagor and D.L. Dicus (Metallic Materials)

Start Date: April, 1991
Anticipated Completion Date: May, 1995
Cosponsor: Virginia CIT
Project #5

MECHANISMS OF DEFORMATION AND FRACTURE IN HIGH STRENGTH
TITANIUM ALLOYS: EFFECTS OF TEMPERATURE AND DISSOLVED

HYDROGEN

Faculty Investigators: R. P. Gangloff
Graduate Student: Sean P. Hayes; PhD Candidate
UVa Department: MS&E
NASA-LaRC Contact: To be determined (Metallic Materials)

Start Date: September, 1994
Completion Date: September, 1997
Project #6a

6b. MECHANISMS OF DEFORMATION AND FRACTURE IN HIGH STRENGTH
TITANIUM ALLOYS: EFFECTS OF TEMPERATURE AND MICROSTRUCTURE

Faculty Investigators: E. A. Starke, Jr.
Graduate Student: Susan M. Kazanjian, PhD Candidate

UVa Department: MS&E
NASA-LaRC Contact: To be determined (Metallic Materials)
Start Date: December, 1994

Completion Date: To be determined
Project #6b

AEROSPACE MATERIALS SCIENCE

. EVALUATION OF WIDE-PANEL ALUMINUM ALLOY EXTRUSIONS

Faculty Investigator: John A. Wert
Graduate Student: Mark T. Lyttle, Ph.D. Candidate
UVa Department: Materials Science and Engineering
NASA-LaRC Contact: T.T. Bales (Metallic Materials)
Start Date: January, 1994
Completion Date: September, 1996
Project #7
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A1-Si-Ge-Cu ALLOY DEVELOPMENT

Faculty Investigator: E.A. Starke, Jr.
Graduate Student: H.J. Koenigsmann, Ph.D. Candidate
UVa Department: Materials Science and Engineering
NASA-LaRC Contact: W.B. Lisagor
Start Date: September, 1993
Completion Date: To be determined
Project #8.

EFFECTS OF TEXTURE AND PRECIPITATES ON MECHANICAL

PROPERTY ANISOTROPY OF A1-Cu-Mg-X ALLOYS
Faculty Investigators: E.A. Starke, Jr. and G.J. Shiflet
Graduate Student: None

Post Doctoral Research Associate: B. Skrotzki, H. Hargarter
UVa Department: Materials Science and Engineering
NASA-LaRC Contact: W.B. Lisagor
Start Date: January, 1995

Completion Date: To be determined
Project #9.

MECHANICS OF MATERIALS FOR LIGHT AEROSPACE STRUCTURES

10a: FREQUENCY-DEPENDENT FATIGUE CRACK PROPAGATION IN 7000
SERIES ALUMINUM ALLOYS IN AN AGGRESSIVE ENVIRONMENT

Faculty Investigator: R.P. Gangloff
Graduate Student: Z. Gasem, Ph.D. Candidate

UVa Department: MS&E
NASA-LaRC Contact: R.S. Piascik (Mechanics of Materials)

Start Date: January, 1992
Anticipated Completion Date: December, 1996
Project #10a

10b: COMPUTER MODELING ENVIRONMENTAL EFFECTS ON FATIGUE
CRACK PROPAGATION IN LIGHT AEROSPACE ALLOYS

Faculty Investigator: R.P. Gangloff
Graduate Student: Edward Richey III; Ph.D. Candidate
UVa Department: MS&E
NASA-LaRC Contact: R.S. Piascik (Mechanics of Materials)
Start Date: January, 1992

Anticipated Completion Date: June, 1995 (Richey)
Project #10b
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RESEARCH PROGRESS AND PLANS (July 1 to December 31, 1995)

Research progress, recorded during the period from July 1, 1995 to December 31,

1995, is summarized for each project in the following sections. The standard format includes

the program objective, recent progress, conclusions, and immediate milestones:

Project #1:

Objectives

TIME-TEMPERATURE DEPENDENT FRACTURE IN
ADVANCED WROUGHT INGOT METALLURGY AND

SPRAY DEPOSITED ALUMINUM ALLOYS

Faculty Investigator:
Graduate Assistant:

R.P. Gangloff
Michael J. Haynes

The first objective of this Ph.D. research is to characterize the initiation and growth fracture

toughness of AA2519-type alloys as a function of temperature. A second goal is to establish the

evolution and microscopic fracture mechanisms at ambient and elevated temperatures by studying

microvoid nucleation, void growth, and shear instability controlled coalescence. A third goal is to

evaluate a critical strain-critical distance micromechanical model of microvoid-based fracture. As a

supplement to research on the AA2519-type alloys, we will study novel plastic instability fracture

mechanisms in an ultra-fine grain sized aluminum alloy (cryogenically milled Al+2.5vol% A1203).

Background and Problem Statement

A significant effort is currently aimed at developing advanced aluminum alloys for elevated

temperature aerospace applications, particularly for airframes such as the high speed civil

transport[l,21. Since existing precipitation hardened aluminum alloys (e.g., 2024, 7075/7475 and

2090/8090) may not be sufficient to meet microstructural stability combined with strength/

toughness requirements, new compositions of wrought ingot metallurgy, spray deposited, and

rapidly solidified powder metallurgy (RS/PM) alloys are under development. As promising

compositions are determined, it is necessary to characterize the critical effects of loading rate and

temperature on fracture toughness and creep-fatigue damage tolerance, and to establish

metallurgical fracture mechanisms and predictive micromechanical models for such properties.

Technical Approach

Research is currently focused on two alloy shets from the advanced ingot metallurgy class

([1 ] UM 2519-T87 (+Mg+Ag): AI-5.75Cu-0.52Mg-0.30Mn-0.49Ag-0.16Zr-0.09V by wt% and

[2] Peak Aged C416:A1-5.4Cu-0.5Mg-0.5Ag-0.3Mn-0.13Zr-0.09 by wt%), a spray formed and
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extrudedalloy (N203:A1-4.9Cu-0.5Mg-0.5Mn-0.4Ag-0.5Zr-0.2Ti-0.2Vby wt%), anda

cryogenicallymilledaluminumalloy in theultrafinegrainsizeclass(CM AI: AI-3.0AIzO3by

wt%). Thegeneralapproachwasoutlinedin pastrenewalproposals[3-51.In summary,our

approachfocuseson:

(I) Characterizingmicrostructuresof as-receivedalloysthroughoptical,scanning
electron,andtransmissionelectronmicroscopy.

(2) ImplementingJ-Integralfracturemechanicsmethodsanddirectcurrentpotential
drop(DCPD)cracklengthmeasurementsto determinecrackinitiationand

propagationresistanceatambientandelevatedtemperatures.

(3) EstablishingmicrostructuralfracturepathsandmechanismsthroughSEM

fractography,cracktip profiles,andtransmissionelectronmicroscopy.
(4) Performinguniaxialcompressionteststo determineyield strength,strainhardening

exponentandstrainratesensitivity.

(5) Employingsmoothandnotchedtensileteststo estimateintrinsicfracturestrainasa

functionof stressstatetriaxiality.

(6) Evaluatingthepredictivecapabilitiesof micromechanicalmodelsin explainingthe

temperaturedependenceof ductilefractureinitiationtoughness,Kjici.

(7) Interruptingsmoothandnotchedtensiletestsat variousstrainlevelsbeforefailure

to determinetheonset(usingDCPDmonitoring)andthreedimensionaldistribution

of microvoiddamagein thenotchrootat ambientandelevatedtemperatures.

Progress During the Reporting Period

The results for this period are divided into three sections. Section I presents conclusions

from a Journal of Testing and Evaluation (JTEVA) paper on our experimental method of

determining initiation toughness and R-curve behavior for thin sheet aluminum alloys. The

reproducibility of R-curve measurements on AA2024-T3 sheet are discussed. Section II discusses

conclusions from a paper written on the micromechanical modeling of temperature-dependent

initiation fracture toughness in advanced aluminum alloys. The paper has been peer reviewed and

revised for publication in Elevated Temperature Effects on Fatigue and Fracture, ASTM STP 1296.

Section III presents tensile results for spray formed and extruded N203.

Section I: High Resolution R-Curve Characterization

Initiation fracture toughness (Kjtci) and R-curve behavior (Kj-A a curves) have been

determined under NASA-LaRC sponsored research for a variety of aluminum alloy sheets;

including AA2519-T87 (+Mg), AA2519-T87 (+Mg+Ag), AA2024-T3, AA2650-T6, and C416
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[6-8]. A manuscript detailing our experimental technique was submitted to the Journal of Testing

and Evaluation[91. Three testing issues were of great concern. First, what resolution of fracture

initiation is necessary to obtain a lower bound initiation toughness, KJICi, when plane strain

constraint is rapidly lost with crack extension? Second, How do room temperature R-curves for

AA2024-T3 (determined from our technique) compare to those of other laboratories participating in

the NASA sponsored round-robin testing? Third, how reproducible are KjIci and Kj- Aa

measurements? The conclusions of the manuscript answer these questions and are listed below:

, Direct current potential difference (DCPD) monitoring is an effective technique for detecting
microvoid fracture initiation in precracked CT specimens of aluminum alloy sheet, with a
resolution of 20 l.tm of crack tip damage. Crack initiation develops under plane strain
constraint at the midplane of the thin CT specimen, and is thus representative of plane strain
initiation toughness.

. For 3.2 mm sheet of precipitation hardened 2xxx A1 alloys, the plane strain initiation
toughness measured according to ASTM E813 is thickness-dependent and 50% higher than
the plane strain initiation toughness based on DCPD monitoring (Kjici), due to a rapid loss

of plane strain constraint with crack extension. The thickness criterion for
geometry-independent initiation toughness is non-conservative for thin sheet aluminum
alloys.

. The plane strain initiation toughnesses of AA2024-T3 and AA2650-T6 are independent of
specimen thickness, when KJICi is defined based on high resolution detection of an early

stage of crack tip process-zone damage.

. Ambient temperature J- Aa resistance curves of 3.2 mm thick AA2024-T3 sheet, measured
from CT specimens by the J-integral/DCPD method, are reproducible and compare closely
with data from larger middle tension (MT) and smaller CT geometries.

. Results from the small specimen J-integral/DCPD method are relevant to prediction of large
specimen R-curve behavior, alloy development, and mechanistic studies.

Detection of Microvoid Fracture Initiation: A standard method was developed to define crack

initiation for each fracture toughness experiment, using the electrical potential difference (V) versus

load-line displacement (_3)curve. A characteristic V- _ curve for AA2519-T87 (+Mg+Ag) is

shown in Figure 1 (a). An estimated load-line displacement (5') where the V-_5 curve changes slope

is used as a reference point for linear regressions to the V-_i data. Baseline V-8 data (i.e.- not

associated with crack growth) are fit by linear regression from 0.58' to 0.955', while crack growth

V-5 data are fit from 1.05[i' to 1.305'. From 0.05' to 0.55', V-5 data were excluded from the

baseline regression because of artifacts such as closure contact of the fatigue crack surface. These
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linearfits areindicatedin thefigure. Thechangein slopeof theV-_5curveis dramaticfrom the

baselinefit (-0.06I.tV/mm)to thecrackgrowthfit (3.85t.tV/mm).Theintersectionof thetwo

linearfits indicatesthetransitionfrom baselineresponseto crackgrowth,andthepotential

differenceatthispoint (Vai) is the potential difference associated with the fatigue precrack length

(ai). For V below Vai, the crack length is assumed to equal ai.

In practice, the DCPD technique resolves 0.1 p,V to 0.2 _V changes, or 0.025% to 0.05%

of the potential difference associated with ai. A fracture initiation toughness, representative of 20

!am of process-zone crack growth, is defined by a positive 0.2 IaV vertical offset of the baseline

V-5 regression. The intersection of the 0.2 I.tV offset fit and crack growth fit defines fracture

initiation; the associated Vi and _5iare shown in Figure l(a). J-integral expressions from ASTM

E 1152 are used with a potential difference-crack length calibration to calculate J and Aa from

measured load (P), V, and 8. The J value at the data point (Pi, Vi, 5i) is JIci, the DCPD-detected

fracture initiation toughness, which is readily converted to Kj1ci [9].

Crack initiation in AA2519+Mg+Ag developed by void nucleation at large constituent

particles, followed by limited void growth and coalescence to the precrack tip (pt) by void-sheeting

coalescence (Figure 1(b)). The large constituents are primarily undissolved A12Cu, and void

sheeting coalescence involves void nucleation, growth, and coalescence at submicron dispersoids

located between constituent-nucleated voids. Optically measured crack growth of 86/.tm is in

excellent agreement with 88 l.tm of crack growth calculated from the increase in measured V

(Figure 1(a)) using a potential difference-crack length calibration relationship [91.

Reproducibility ofKj- a Measurements for AA2024-T3: The Kj-Aa curve for 3.2 mm sheet of

AA2024-T3 is reproducible, as shown by the four replicate experiments in Figure 2. R-curves for

each CT specimen correspond closely, even with the introduction of sidegrooves (2024#1)1.

Table 1 list parameters from Kj-Aa, including KjIci, KjIC, and Kj3mm. Average values, standard

deviations, and a 95% confidence interval, also listed in Table 1, quantify the precision of each

measurement. Based on the statistics, we are "95% confident" that the true mean of KJICi is

between 29.6 MPa_m and 37.0 MPa'_m, that the true mean of Kjlc is between 42.9 MPa_/m and

54.1 MPa_/m, and that the true mean of Kj is between 83.0 MPa m and 88.4 MPa4m. KJIC for

PJ

The agreement between R-curves for CT specimens that are sidegrooved and not sidegrooved is

unexpected. Sidegrooves are thought to promote plane strain constraint ahead of the crack tip, and

the R-curve should be ]ess steep.
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AA2024-T3 is about 50% higher than KjICi for 3.2 mm thick CT specimens, and is an

overestimate of the true initiation toughness. The "average" Kj-Aa curve for 3.2 mm sheet of

AA2024-T3 compares well to R-Curves determined by NASA-LaRC and Fracture Technology

Associates with the same alloy sheet [9,101.

Section II: Micromechanical Modeling of Initiation Fracture Toughness
¢

The temperature dependence of KjIci was modeled for a variety of the advanced aluminum

alloys characterized under separate NASA-LaRC sponsored research [6,11-18]. The model

predicted temperature dependencies for precipitation-hardened ingot metallurgy alloys (AA2519,

AA2095, AA2195, and AA2618), a spray formed alloy (N203), ultra-fine grain size alloys

(AA8009 and cryogenically milled aluminum), and a metal matrix composite (AA2009/SiC/20p).

The critical plastic strain-controlled model discussed in previous reports[6,12] was revised by

incorporating a locus of failure strain vs stress state triaxiality and new crack-tip stress and strain

fields. The failure locus replaces the somewhat ambiguous constraint ratio that we employed

previously to account for the triaxial stress state ahead of the crack tip.

A manuscript, which discusses the model and its applicability to predicting the temperature

dependencies of the eight alloys mentioned above, was peer reviewed and revised for publication

in Elevated Temperature Effects on Fatigue and Fracture, ASTM STP 1296119l. The conclusions

of the manuscript are listed below:

1. The critical plastic strain-controlled model successfully predicts the temperature dependence
of initiation fracture toughness (Kjici) for a variety of advanced aluminum alloys that crack by

microvoid processes. Predictions are based on smooth bar tensile deformation properties, an

estimate of the exponential decay of the fracture strain ( E fp) with stress-state triaxiality (CYm/Cfl),

and a single adjustable parameter (the critical microstructural distance, 1").

2. Approximately temperature insensitive KJICi is predicted and observed for 2000 series

precipitation-hardened alloys from cryogenic to elevated temperatures, while a degradation of Kjici

with increasing temperature is correctly modeled for submicron grain size alloys.

3. The temperature dependencies of KjICi are traceable to the interplay between

thermally-sensitive intrinsic fracture resistance and the crack tip strain field that is temperature

dependent through _ys, E, and n. Both components are necessary to predict temperature
insensitive initiation toughness in precipitation hardened aluminum alloys, where the fracture strain

( e fp) generally rises with temperature and Crys, E, and n decline.
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4. Themodelcorrectlyaccountsfor theeffectof manganeseon thetoughnessof AA2134,
includingchangesin thenearestneighborparticlespacingasMn-richconstituentsform,varying

f* dueto slip modechanges,andavaryingdependenceof efponOm/t_n.

5. Uncertaintiesin thecriticaldistance1"andthefailureloci e fP(_m/_n)precludepredictions

of absolutevaluesof KjIci. Accurate determination of e fP(Om/_fl) is complicated by the need to

correlate damage at the initiation event, withi_.n tensile specimens and the process zone ahead of a

crack tip. The Bridgman approximation of E fP, uncertainty in the deformation history, and

uncertainty in the alloy-dependent effect of ffm/fffl on e fP also hinder accurate measurements.

6. Model calculated critical distance, l*, correlates with the nearest neighbor spacing of second

phase particles in a volume (A3) for several aluminum alloys and steels, and l*/3 correlates with the

extent of primary void growth (Rv/R0. Both correlations suggest an approach to predict absolute

toughness values from tensile properties coupled with microstmctural and fractographic
observations.

Interpretation of Calculated l*: The critical distance, the sole adjustable parameter in the

strain-controlled model, is calculated by equating the measured and predicted KjIci at a single

temperature, and hence depends on accurate determination of this measured initiation toughness

and each model input. Calculated l* is not affected significantly by measurements or estimates of

6ys and E. Values of dn vary modestly depending on whether analytical[20] or FEM[ 21] solutions

are employed, affecting calculated l* by about 20%. The strongest effect on calculated l* is

uncertainties in measuring the failure locus e fP(_m/_fl); generally e fp(Crm/O'fl) is overestimated,

causing l* to be underestimated.

Ultimately, l* must be determined by an independent means for absolute toughness

predictions. This distance should relate to the primary void-nucleating particle spacing for alloys

that fail by microvoid fracture, and may represent the distance required for void coalescence at

K=KjIci. The nearest-neighbor spacing of primary void-nucleating particles, randomly

distributed in a plane (A2) or in a volume (A3), should relate to l*, because the nearest neighbor

particles govern the direction and size scale of void coalescence.

Tensile and KIc data were available for steels, such that l* could be calculated with the

model and compared to A3122,23]. Figure 3 shows correlations between l* and A 3 for steels (solid

symbols) and six of the advanced A1 alloys (open symbols) studied under NASA-LaRC sponsored

research. The distance, l*, was calculated using the model and measured _ys, E, n, (%RA), and
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Kjlci. The standard deviation of 1" is given for the aluminum alloys, where the error bars include

the effect of temperature, if any, on 1".

The data in Figure 3 are analyzed further based on the extent of primary void growth prior

to coalescence. Data legends with an asterisk represent alloys where the primary void growth ratio

was quantified by the measured ratio of the final void radius (Rv) to the nucleating-particle radius

(RI). Values of Rv and RI were measured from fracture-surface dimples in high constraint

regions, directly ahead of the specimen fatigue precrack[22,23]. Figure 4 displays a unique

relationship between Rv/RI and I*/A 3. The function I*/A 3 = 1.24 + 0.038(Rv/RI) 2 was obtained by

least squares curve fitting, with a coefficient of determination (r2) equal to 0.71. For no primary

void growth (Rv/RI=I), voids coalesce spontaneously upon nucleation, and I*/A 3 might be

expected to equal one. The quadratic fit yields an I*/A 3 value of 1.28 at Rv/Rl equal to one.

Because this value is reasonably close to one, it provides a physical basis for the correlation.

The effect of primary void growth on I*/A 3 in Figure 4 is interpreted as follows. The

critical distance for each alloy is a fixed multiple of A3, with the multiple dependent on Rv/RI. The

parameter Rv/RI is a direct measure of an alloy's resistance to void coalescence. The steels in

Figure 4 posses higher Rv/RI ratios relative to AA2519+Mg+Ag due to higher n (which retards

coalescence) and/or a unimodal particle distribution (which precludes strain softening between

primary voids). For the high Rv/RI case, primary void growth allows particles further from the

crack tip to nucleate voids as K increases and the plastic strain distribution spreads. Since more

particles are involved in the critical coalescence event that constitutes KjIci, l* is a larger multiple of

A3. For the low Rv/RI case (such as in AA2519+Mg+Ag), the void-coalescence conditions are

satisfied before void damage accumulates over more than one or two particle spacings. The

bimodal particle distribution favors this behavior because secondary void damage from smaller

second-phase particles promotes void sheeting between primary voids [12,24]. The ratio, I*/A 3, is

relatively low due to this strain-localized coalescence.

Section III - Spray Formed N203 Extrusion: Flow Curves

Figure 5 shows true stress-true strain curves for Spray Formed N203 as a function of

temperature, as well as curve fits to the Ramberg-Osgood constitutive relationship[6,25]. The yield

strength, elastic modulus, and strain hardening exponent (n) decrease with increasing temperature

and %RA increases, as shown in Table 2. N203 displays higher work hardening relative to UM

AA2519+Mg+AgI8].
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Proposed Research for Next Reporting Period

For the remainder of this Ph.D. research, we plan to complete fracture toughness

characterization of spray formed N203 extrusion and I/M C416 sheet, as welt as investigate the

relationship between fracture toughness and continuum and microstructural mechanisms of

microvoid fracture. For the latter study, the alloys AA1100, AA2519+Mg+Ag, and CM A1 are

chosen since they exhibit markedly different fracture evolutions. Microvoid fracture in AA1100

should be characterized by void nucleation and growth from iron- and silicon-based constituents,

with void coalescence by void impingement. In AA2519+Mg+Ag, the growth of voids nucleated

at undissolved AlECu particles is truncated by void sheeting associated with submicron

dispersoids. Fracture of CM A1 at elevated temperature is characterized by void nucleation at

clusters of A1203 dispersoids, followed by irregular void growth and strain localized void

coalescence. These three alloys cover a wide range of the primary void growth ratio Rv/RI, which

should be high for AA 1100, intermediate for AA2519+Mg+Ag, and low for CM Al.

In each of the three alloys, smooth and notched tensile experiments will be interrupted at

various strains prior to coalescence. The goal of these fracture evolution study is to determine local

conditions for microvoid coalescence, and to relate the extent of primary void growth to the critical

distance l*. Local conditions for void coalescence will depend on strain hardening, strain rate

hardening, and the distribution of second phase particles. All three alloys will be characterized at

25oC. To study the influence of temperature on microvoid fracture in an alloy where ductility rises

with temperature and in an alloy where ductility decreases, AA2519+Mg+Ag and CM A1 will be

characterized at 150oC and 175oC, respectively.

December of 1996 is scheduled tentatively as a completion date for the Ph.D. dissertation.

To complete the dissertation research, we propose to:

1)

2)

3)

Complete measurements of J-Aa resistance curves for N203 extrusion and C416 sheet

(from 25oC to 200oC) and determine the plane strain initiation toughness (Kjici) and plane

stress tearing modulus (TRPS) from each curve.

Measure the J-Aa resistance curve for AA 1100 at ambient temperature and determine Kjlci

and TRPS.

Employ SEM methods, including high-magnification tilt fractography and stereo-pair

viewing, to explore the role of microstructure and temperature on void nucleation as well as

on localized shear instabilities affecting void growth to coalescence.
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4)

5)

6)

7)

8)

9)

10)

Measure the primary void growth ratio (Rv/RI) from the CT fracture surfaces of AA 1100

tested at 25oC.

Determine the strain rate sensitivity of flow stress (m) at 25oC and 150oC for

AA2519+Mg+Ag and at 25oC and 175oC for CM A1 with compression strain-rate change

tests.

Deform uniaxial and notched tensile bars of AA 1100, AA2519+Mg+Ag, and CM A1 to

various levels of strain before the onset of void coalescence, and interrupted prior to

fracture.

Monitor damage in these tensile bars by the in-situ DCPD technique and by precise density

measurements.

Section interrupted tensile bars to the midplane and observe microstructural aspects and

micromechanisms of dimpled rupture.

Using transmission electron microscopy, observe void nucleation at dispersoids in

AA2519+Mg+Ag with thin foils taken from interrupted tensile experiments.

If time permits, construct a FEM mesh to simulate the influences of strain and strain rate

hardening on intravoid strain localization.

Throughout this work, we strive to understand the factors that affect intravoid plastic

instability, and how such processes affect microvoid coalescence and fracture toughness in

advanced aluminum alloys.

References

.

.

.

.

.

W.B. Lisagor, in Thermal Structures and Materials for High-Speed Flight, E.A. Thornton,
Ed., Volume 140, Progress in Astronautics and Aeronautics, A.R. Seebass,
Editor-in-Chief, AIAA, Washington, DC, pp. 161-179, (1992).

R.P. Gangloff, E.A. Starke, Jr., J.M. Howe and F.E. Wawner,Jr., "Aluminum Based

Materials for High Speed Aircraft", University of Virginia, Proposal No.
MS-NASA/LaRC-5691-93, November (1992).

R.P. Gangloff, "NASA-UVa Light Aerospace Alloy and Structures Technology Program",
Proposal No. MSE-NASA/LaRC-6074-94, November (1993).

R.P. Gangloff, "NASA-UVa Light Aerospace Alloy and Structures Technology Program",
Proposal No. MSE-NASA/LaRC-6478-95, November (1994).

R.P. Gangloff, "NASA-UVa Light Aerospace Alloy and Structures Technology Program",
Proposal No. MSE-NASA/LaRC-6855-96, November (1995).

41



.

,

.

9.

10.

11.

12.

13.

14.

15.

16.

19.

R.P. Gangloff, "NASA-UVa Light Aerospace Alloy and Structures Technology Program",
University of Virginia Report No. UVAJ528266/MSE94/114, March (1994).

R.P. Gangloff, "NASA-UVa Light Aerospace Alloy and Structures Technology Program",
University of Virginia Report No. UVA/528266/MSE94/116, July (1994).

R.P. Gangloff, "NASA-UVa Light Aerospace Alloy and Structures Technology Program",
University of Virginia Report No. UVA/528266/MS95/118, July (1995).
M.J. Haynes and R.P. Gangloff, "High Resolution R-Curve Characterization of the

Fracture Toughness of Thin Sheet Aluminum Alloys", Journal of Testing and Evaluation,
in review, (1996).

A.P. Reynolds, "Multilab Comparison of R-Curve Methodologies: Alloy 2024-T3,"
NASA CR 195004, NASA-Langley Research Center, Hampton, VA, 1994.

R.P. Gangloff, "NASA-UVa Light Aerospace Alloy and Structures Technology
Program", University of Virginia Report No. UVA/528266/MS93/112, March (1993).

R.P. Gangloff, "NASA-UVa Light Aerospace Alloy and Structures Technology Program",
University of Virginia Report No. UVA/528266/MS94/117, March (1995).

B.P. Somerday, "Elevated Temperature Fracture Toughness of a SiC

Particulate-Reinforced 2009 Aluminum Composite", Masters Thesis, University of
Virginia, (1993).

B.P. Somerday, Yang Leng, and R.P. Gangloff, Fatigue and Fracture of Engineering
Materials and Structures, vol. 18, pp. 565-582, (1995).

B.P. Somerday, Yang Leng, and R.P. Gangloff, Fatigue and Fracture of Engineering
Materials and Structures, vol. 18, pp. 1031-1050, (1995).

W.C. Port, Jr., "Elevated Temperature Fracture of Advanced Powder Metallurgy
Aluminum Alloy 8009", PhD Dissertation, University of Virginia, (1992).

W.C. Porr, Jr., and R.P. Gangloff, Metall. Trans. A, vol. 25A, pp. 365-379, (1994).

S.S Kim, M.J. Haynes, and R.P. Gangloff, Materials Science and Engineering A, Vol.
203, pp. 256-271, (1995).

M.J. Haynes, B.P. Somerday, C.L. Lach, and R.P. Gangloff, "Micromechanical
Modeling of Temperature-Dependent Initiation Fracture Toughness in Advanced Aluminum
Alloys", in Elevated Temperature Effects of Fatigue and Fracture, ASTM STP 1296, R.S.

Piascik, R.P. Gangloff, N.E. Dowling, and A. Saxena, eds., ASTM, Philadelphia, PA, in
press, (1996).

C.F. Shih, Journal of Mechanics and Physics of Solids, Vol. 29, pp. 305-326, (1981).

R.M. McMeeking, Journal of Mechanics and Physics of Solids, Vol. 25, pp. 357-381,
(1977).

42



22.

23.

24.

25.

J.W. Bray, K.J. Handerhan,W.M. Garrison,Jr., andA.W. Thompson,Metallurgical
Transactions A, Vol. 23A, pp. 485-496, (1992).

J.A. Psioda, "The Effect of Microstructure and Strength on the Fracture Toughness of an

18 Nickel 300 Grade Maraging Steel", Ph. D. Thesis, Carnegie Mellon University,

Pittsburgh, PA, (1977).

M.J. Haynes and R.P. Gangloff, "Elevated Temperature Fracture Toughness of an
A1-Cu-Mg-Ag Alloy", Metall. Trans. A, in review, (1996).

Y. Leng, W.C. Porr, Jr., and R.P. Gangloff, Scripta Metallurgica et. Materials, Vol. 24

(11), pp. 2163-2168, (1990).

43



Table 1- Elastic-Plastic and Equivalent Linear-Elastic Initiation and Growth Fracture

Toughnesses for 3.2 mm Thick Sheet of AA2024-T3.

Sample
Id.

Test KjIci KjIC

Temperature

(oC) (MPa_/m) (MPa_]m)

KjIc/KjIci Kj3mm

(MPa_/m)

2024-#1 25 32.6 45.8 1.40 85.5

2024-#2

2024-#3

2024-#4

36.7 52.4 1.43 86.9

32.0 45.2 1.41 86.9

31.9 50.5 1.58 83.4

Average

St. Dev.

95% C.I.

33.3 48.5 1.46 85.7

+9..3 ±3.5 ±0.08 ±1.7

±3.7 ±5.6 _+0.13 +_2.7

Table 2- Tensile Results for Spray Formed N203 Extrusion

Test E
_ys

Temperature

(oC) (MPa) (GPa)

%RA

25 447 72.1 .085 26.4

100

150

190

432 70.7 .063 42.5

392 68.9 .045 46.3

342 66.0 .016 61.2

44



a) ,A,

:::t.

>.

t..

.mu

,m

Load-Line Displacement, 8 (ram)

b)

Figure 1: (a) Electrical potential difference versus load-line displacement trace from an

interrupted rising-test. (b) The corresponding polished crack tip profile of

AA2519-T87 (+Mg+Ag) illustrating the process-zone damage associated with

ductile fracture initiation near Kllci. Voids nucleate at large second phase particles

and coalesce with the precrack tip (pt) by void sheet coalescence (arrows).

45



100

60

40

20

0

AA2024-T3

• 2024-#1 (sidegrooved)

• 2024-#2

2024-#3

• 2024-#4

i iin i

.... I .... I .... I''' I .... I .... I .... I ....

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Aa (mm)

Figure 2: Replicate R-curve experiments for 3.2 mm sheet of AA2024-T3.
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Figure 3: Correlations between nearest neighbor particle spacing in a volume (A3) and the

calculated critical distance (1") in steels i22,231and aluminum alloys [241, for a single

population of void-nucleating particles and a bimodal distribution of void-

nucleating particles.
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Figure 4: Quadratic relationship between the extent of stable void growth (quantified by the
ratio of final void radius to initial void-nucleating particle radius) and 1"

normalized by the inclusion or constituent particle spacing in a volume. Data are

for steels tzz'z31(solid symbols) and a single aluminum alloy (open symbol) [241.
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Project #2: CRYOGENIC TEMPERATURE EFFECTS ON DEFORMATION AND
FRACTURE OF AI-Li-Cu-ln ALLOYS

Faculty Investigator: R.P. Gangloff
Graduate Student: J.A. Wagner

Objective

The objective of this Phi) research is to characterize and optimize the crack initiation and

growth resistance of AI-Li-Cu-Zr and AI-Li-Cu-Zr-In alloys for possible cryogenic propellant tank

applications. The aim of the program is to understand microscopic fracture mechanisms as

influenced by temperature, stress state and microstructure.

Approach

The approach to this objective was outlined in the proposal for the 1994 LA2ST Program

and is focusing on several areas including: (1) produce experimental direct chill cast A1-Li-Cu-Zr

alloys with and without indium additions, (2) characterize both experimental AI-Li-Cu-Zr alloys

and commercially available 2090-T81 plate, (3) implement J-integral fracture mechanics methods

to measure crack initiation and fracture resistance for primarily plane stress and plane strain

conditions at ambient and cryogenic temperatures, (4) establish the effect of stress state,

temperature and microstructure on fracture toughness, (5) analyze fracture surfaces and correlate

fracture features with grain structure, and (6) develop and apply advanced mechanical test and

metallographic techniques to investigate the deformation and fracture processes that are relevant to

crack initiation and growth toughnesses.

Progress During the Reporting Period

Progress to date on this program is summarized in the report from the June, 1995 LA2ST

Grant Review.
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Project #3: THE EFFECT OF CRYOGENIC TEMPERATURE ON THE

FRACTURE TOUGHNESS OF WELDALITETM X2095

Faculty Investigator: R.P. Gangloff
Graduate Assistant: C.L. Lach

Objective

The objective of this research is to characterize the effect of cryogenic to mildly elevated

temperature on the tensile deformation and fracture toughness of an emerging composition of

WeldaliteTM-type alloys. We will determine quantitative stress versus strain data, and initiation and

growth fracture toughnesses, as well as the associated microscopic fracture mechanisms, and

conduct micromechanical modeling to understand temperature-dependent fracture.

Background

Aluminum-lithium-copper alloys are being developed to replace conventional 2XXX and

7XXX aluminum alloys for aerospace structural applications. AI-Li-Cu alloys such as 2090 offer

increased stiffness and decreased density due to lithium, and exhibit increased strength and

potentially increased fracture toughness with decreasing temperature from room to cryogenic

levels. Increasing toughness at cryogenic temperature facilitates fracture mechanics damage

tolerant designs because cold proof-testing is not required; a room temperature evaluation suffices.

With the addition of Ag, A1-Li-Cu alloys exhibit exceptionally high yield strength, that further

increases with decreasing temperature, without the necessity for post-solution treatment stretch

deformation. The fracture toughness of such alloy compositions must be understood as a function

of temperature.

Approach

The approach to this research was outlined in past renewal proposals.

Material

Two WeldaliteTM compositions were selected for study to examine the limits of the Cu and

Li levels for the alloy registered as AA2095. Specifically, a high Cu-Li alloy

(A1-4.64Cu- 1.53Li-0.34Ag-0.37Mg-0.17Zr; wt%) at the upper extreme of the AA2095

specification, and a low copper alloy (A1-4.04Cu-l.00Li-0.37Ag-0.36Mg-0.15Zr; wt%) at the low

end of the AA2095 composition specification and in the middle of the AA2195 specification were

chosen for evaluation.

The selected alloys should contain substantially different amounts of primary phase to

enable examination of the effect of this feature on fracture toughness. Several artificial aging
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conditions,producedatNASA-LaRC,will beemployedto varyyieldstrength,workhardening

rate,andthevolumefractionanddistributionof the0' and T1 strengthening precipitates.

Metallurgical and temperature effects on toughness will be assessed for similar flow properties.

Deformation and Fracture

The approach of the proposed research is following that developed by Haynes in Project

#1 and Wagner in Project #2. Measurements will produce uniaxial tensile stress-strain

relationships and J-Integral based crack initiation and growth fracture toughnesses. This latter

method will enable determination of plane strain fracture toughness data from relatively thin

specimens (eg., 3.9 mm thick), as well as an estimate of the plane stress crack growth resistance.

Microstructural effects on the complete crack initiation and growth resistance relationship will be

studied.

Progress During the Reporting Period

Progress to date on this program is summarized in the report from the June, 1995 LA2ST

Grant Review.
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Project #4: MECHANISMS OF ENVIRONMENTALLY ASSISTED
CRACKING IN ALLOYS 2090 AND 2095

Faculty Investigator: G.E. Stoner
Graduate Student: F.D. Wall

Research Objective

The objectives of this research project were to define the conditions sufficient to cause

cracking in A1-Li-Cu alloys, to identify microstructural features which may contribute to anodic

dissolution based cracking in PA tempers: to describe the critical solution chemistry changes

associated with cracking under alternate immersion conditions in chloride solution; to develop an

in-situ technique for quantifying EC propagation rates; and to investigate the influence of material

temper, sample orientation, stress intensity level, applied external electrochemical potential and

bulk aqueous environment on the environmental cracking of A1-Li-Cu alloys.

Progress During the Period

Doug Wall completed his disseration in January of 1996.

Occluded Environments Associated With the Environmentally Assisted Cracking of AI-Li-Cu

Alloys in Aqueous Chloride Solutions

Efforts have been made to examine the cation content and pH of occluded environments

pertaining to environmental cracking of A1-Li-Cu alloys. The initial focus of this project is to

develop techniques which allow (1) the simulation and analysis of the solution chemistry

associated with an isolated pit, (2) the extraction and analysis of solution chemistry from an

environmental crack. The first of these techniques will be used to test the hypothesis that an

inhibiting, alkaline occluded chemistry is necessary for environmental crack initiaition. The second

technique will be utilized to measure the critical chemistry associated with a propagating crack.

The chemistry of isolated, occluded fissures has been simulated by exposing small

quantities of near neutral NaC1 solution to large areas of test material in the absence of a bulk

aqueous environment. Real time measurements of pH were made via in-situ pH electrodes and

post-test analysis of ion content was carried out using capillary electrophoresis. The pH response

of a deep fissure was modeled using a simulated crevice experiment under alternate immersion

conditions. In this experiment pH was monitored real-time with a micro-reference electrode and

post-test using indicator paper.
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Techniquesweredevelopedto investigatetheoccludedchemistryof realenvironmental

cracksbasedonfreezingandfracturingdoublecantileverbeamspecimenswhichhadundergone

alternateimmersiontesting.Frozenfracturesurfacesweresampledusingtwo techniquesintended

to providespatialinformationonsolutionconcentrationswithin apropagatingenvironmentalcrack.
Solutionswereanalyzedusingcapillaryelectrophoresisanalysis.

It wasfoundthatthepHof simulatedisolated,occludedfissuresobtainedanalkalinevalue

for all materialstested;whereasthepH of themodeleddeepfissureobtainedanacidicpH. It is

proposedthatthealkalinepH isrelevantto initiationof environmental cracking but that the crack

tip is acidic in nature.

Cation analysis of simulated chemistries and real environmental crack solutions revealed the

presence of significant aluminum and lithium ions in solution. It is likely that these species are

critical in defining the conditions necessary for cracking. The techniques used for spatially

resolving crack tip chemistries produced promising results. While the data are insufficient to make

absolute quantification of species possible at this time, they do indicate the ability to make localized

measurements and detect relevant species with the capillary electrophoresis method.

Evaluation Of The Critical Electrochemical Potentials Influencing Environmentally Assisted

Cracking Of Al-Li-Cu Alloys In Selected Environments

The objective of this research is to test the hypothesis that a region of Cu-depleted

aluminum exhibits the necessary electrochemical behavior to provide a pathway for anodic

dissolution based environmental cracking. This is accomplished by documenting the potential

dependance of environmental cracking and the potential-current relationship for oxide-free

aluminum-copper binary alloys.

The electrochemical behavior of aluminum has been determined as a function of copper

content using potentiodynamic polarization and scratching electrode techniques. This information

has been correlated to trends in environmental cracking of A1-Li-Cu alloys in inhibited sodium

chloride environments. Scratching electrode/constant extension testing of stressed tensile samples

has revealed a change from no failures to rapid failures due to a 10 mV change in applied potential.

The potentials where these transitions occur appear to be linked to the electrochemistry of a

copper-depleted region along microstructural boundaries.

The Correlation of Critical Electrochemical Potentials Associated with Environmental Cracking of

AI-Li-Cu Alloys to Cu Depletion Along Grain Boundaries
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Theobjectiveof thisresearchis to testtheelectrochemicalpredictionsof acopperdepleted

regionagainstmeasurementsof copperconcentrationasafunctionof distancefrom a
microstructuralboundaryin anA1-Li-Cumaterial.Environmentalcrackingbehaviorsof tempered

aluminumalloys2090and2095wereassessedasafunctionof appliedelectrochemicalpotential

throughtheuseof constantextension/ scratching electrode experiments. Correlations were

observed with the repassivation potentials of solutionized AI-Cu binary materials tested in the same

environment. An electrochemical prediction of Cu depletion along high angle boundaries arises

from analysis of these data and is in relatively good agreement with energy dispersive spectroscopy

measurements which revealed a Cu depleted region adjacent to high angle boundaries in peak-aged

2095.

A Technique for Evaluating Environmental Crack Growth Kinetics in an AI-Li-Cu Alloy Under

Constant Immersion Conditions

The objectives of this paper are to (1) test the ability of the developed software and

hardware to provide real-time stress intensity control for environmental cracking of AI-Li-Cu

alloys, (2) determine the conditions under which crack growth can be quantified using the

developed technique. A technique has been developed which allows the growth and monitoring of

environmental cracks in AI-Li-Cu alloys 2090 and 2095 under constant immersion in an inhibited

chloride environment. The use of direct current potential drop allows real-time monitoring of crack

length with the capability to detect transient crack growth events. Crack measurements in

conjunction with computer control of the load frame makes it possible to perform experiments in

constant or ramped stress intensity control. By enclosing the specimen in an environmental cell,

electrochemical control is established and tests can be performed in fixed potential mode. Overall,

the technique allows for reproducible measurement of crack growth kinetics with good control of

stress state, bulk aqueous environment and electrochemical potential. The use of controlled K

testing represents an improvement over fixed displacement or rising CMOD testing since crack

growth rate can be examined without the K level varying with some other experimental parameter

(such as experiment duration or crack length).

Evaluation of Environmental Cracking Susceptibility in Terms of Externally Controlled Variables

for AI-Li-Cu Alloys in an Inhibited Chloride Environment
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Theprimaryobjectivesof thecurrentworkareto (1)documenttherangeof stressintensity

overwhichenvironmentalcrackingisobservedin aPA 2095alloy, (2) testtheproposedtemper
dependanceof environmentalcrackingsusceptability(UA worsethanPA),and(3) determineif

criticalelectrochemicalpotentialsassociatedwithcrackinitiationcanbeextrapolatedtocrack

propagation.Thesusceptibilityof A1-Li-Cualloysto environmentalcrackinghasbeenevaluated

usingsmoothtensilesamplesin aconstantextensionexperimentandfracturemechanicswedge

openloadingspecimensunderstressintensitycontrolandf'Lxeddisplacementtesting.All testing
hasbeenperformedunderconstantimmersionconditionsin achromate-inhibitedchloride

environment.Underaged(UA) andpeakaged(PA)specimenshavebeenshownto besusceptible

tocrackingundersimilarchemical,electrochemicalandmechanicalconditionsalthough

quantificationof crackvelocitiesindicatesthattheUA temperscrackatleast20 to 200timesfaster

thanPA materials.Fractographicinspectionsuggestsabrittle failuremodefor theUA specimens
whichdisplaymatchingenvironmentalfracturesurfaces.ThePA specimensgenerallydisplaya

tortuous,corrodedsurfacealthoughdecreasingtheelectrochemicalor mechanicaldrivingforces

leadsto achangein fractographysimilar to thatof theUA specimens.Fractographicandcrack

velocitydataarediscussedin termsof anodicdissolutionandhydrogenembrittlementcrack

advancemodels.Theelectrochemicalcriteriafor crackpropagationis alsodiscussedin termsof

criticalpotentials.

58



Project #5: METALLURGICAL FACTORS CONTROLLING STRESS
CORROSION CRACKING IN AA2096 AND C155

Faculty Investigator: John R. Scully
Graduate Student: Keith Eklund; PhD Candidate

Research Objectives

This study seeks to characterize two selected alloys (AA 2096 with Ag; and C155 or C255

without Ag) in order to clarify the various roles of alloyed Ag and _5' particles on localized

corrosion and SCC under controlled electrochemical conditions. The initial goal is to characterize

the KIscc, and stage II crack velocities for the two alloys after recommended pre-stretch and aging

treatments, as well as after selected "diagnostic" aging times and temperatures (analogous to the

development of the "Speidel" SCC curve). An inhibited chloride-containing solution (other than

chromate containing solutions) will be selected to aid in the determination of SCC paths by SEM

fractography. A second objective is to determine the influence of Ag on SCC behavior. Moreover,

we seek to examine on a fundamental level the differences between the aqueous stress corrosion

cracking results for these two alloys, should important differences be confirmed. In this phase of

the study, various diagnostic procedures including thermal desorption spectroscopy (TDS) analysis

of hydrogen trapping behavior will be utilized to develop a mechanistic understanding of

conventional fracture mechanics-based SCC results.

Background

The stress corrosion cracking behavior of emerging advanced AI-Cu-Li-Ag and A1-Cu-Li

alloys has not been well defined. The majority of the data in the literature focuses on AA 2090[_l.

Fracture mechanics-based stress corrosion cracking data such as KIscc and stage II crack growth

velocities as well as localized corrosion data under well-controlled electrochemical conditions in

aqueous CI- solutions are lacking for emerging alloys such as AA2096 and 2097 (or C155 and

C255). Moreover, a strong connection between alloy microstructure and SCC resistance has only

been established for AA2090 and 219512,3]. In the case of the latter alloy, a strong role for Cu

depletion at high angle grain boundaries was hypothesized[4]. However, the role of Ag on slip/film

rupture/dissolution and/or the slip/film rapture/hydrogen-absorption/local embrittlement aspects of

stress corrosion has not been clarified. In the case of 2195, the high Cu content (3.7-4.3%) of this

alloy may dominate over any beneficial or detrimental role of Ag. As an example, is the main

influence of Ag upon SCC in an alloy containing less Cu than 2195 related to its role in producing

a high density of fine T1 plates[5,6] that resist formation of an active grain boundary dissolution
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path,or doesAg enrichmentat _fa_l and/or t_/_ interfaces[7,8] alter the electrochemical activity of

these phases? Alternatively, critical questions can be posed concerning the role of Ag in the context

of hydrogen environment-assisted cracking (HEAC). Recall that the previous NASA LA2ST

HEAC study has identified T1 plates as a strong hydrogen trap site and that HEAC growth

occurred on boundaries containing T1, T2 or Tb plates.t9] The presence of Ag located at o_/TI or

tt/_ interfaces might alter the hydrogen trap binding energy of these interfaces. Alternatively,

Ag's role in promoting a high density of fine Tl particles may disrupt the connectivity of the stress

corrosion crack path regardless of the mechanistic details of SCC.

Other important variables in SCC initiation and growth are the Li content and Cu/Li ratio.

Formation of _5' can be suppressed at high Cu/Li ratios and low Li contents, especially with higher

aging temperatures. Alternatively, _5' formation may be promoted with low temperature aging.

Suppression of 5' can alter the deformation mode, reducing the chance for coplanar slip. Coplanar

slip can affect the likelihood of film rupture, has been shown to enhance hydrogen uptake, and

influences its repartitioning[10]. The effects of these variables on the stress corrosion resistance of

emerging AI-Li-Cu-Ag materials remains largely uncharacterized.

Approach

Materials

The alloys AA 2096 (with Ag) and C155 or C255 (without Ag) were specifically chosen

for this study in order to clarify the roles of Ag and _5' particles on their SCC resistance. AA2096

(2.6Cu, 1.6Li, 0.8Mg, 0.18Zr, 0.6Ag, 0.25Zn, wt. %) is produced by Reynolds. C155 (similar

in composition to AA 2097: 2.8Cu, 1.5Li, 0.35Mg, 0.16Zr, 0.6Mn, 0.35Zn, wt. %) is produced

by ALCOA. These two alloys have nearly identical Li contents and Li/Cu ratios (0.61 vs. 0.57,

respectively). C155 does not contain Ag but instead contains Mn. Although the Li/Cu ratio of both

alloys is greater than 0.25, it may be possible to suppress _5' formation by using a slightly higher

aging temperature than usual. Hence, these two alloys offer the unique opportunity to compare Ag

vs non-Ag containing AI-Li-Cu-Mg materials with very similar compositions. Moreover, it may be

possible to control 5' formation and, consequently, deformation mode.
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Determination of Suitable Inhibited NaCI Solutions

The long-term goal is to study the SCC resistance of each alloy in a selected inhibited NaCI

solution under full immersion and alternate immersion conditions. KIscc and da/dtn will be

generated using fracture mechanics-based specimens under controlled electrochemical conditions,

while the effects of hydrogen embrittlement (HE), if any_ will be analyzed with Thermal

Desorption Spectroscopy (TDS). Several factors dictate the choice of stress-corrosion test

solutions.

The alloys must, of course, be susceptible to SCC in the electrolyte chosen, with C1- levels

between 0.01 M and 1 M being known to increase the stage II crack growth velocities of ,

7075-T651 relative to those in distilled water.[111 The solution should be sufficiently inhibited to

prevent excessive localized corrosion and buildup of corrosion products on the fracture surfaces

which would obscure SEM imaging of the fracture path. It is therefore desirable to conduct all

electrochemically controlled tests in a region of potential anodic to the open circuit potential (EocP),

yet below the pitting potential (Epit). Also, the potential at which the sample repassivates (Erepass)

is an important consideration, indicating the potential below which oxide film repair may be

achieved. While the success of chromate inhibited solutions is well known,[121 it would be

advantageous to find an alternative inhibitor which avoids the toxicity of the chromate solutions. It

is known that stage II crack growth rates of 7075-T651 can change by 2 to 3 orders of magnitude

with just a few hundred millivolts shifts in applied potential.Ill] Since a wide range of potentials

should be utilized to observe any noticeable trends in metallurgical factors, one ideally wishes to

select a solution for SCC testing in which the material exhibits a large interval between the Eocp

and Epit potentials for a range of C1- concentrations. Alternate immersion testing may be

undertaken, which would require that the pitting and repassivation potentials should be more

positive than the open circuit potentials in an aerated solution. Otherwise, localized corrosion may

dominate corrosion processes under the alternate immersion conditions.

Recent Results

The mechanical properties of AA2096 wide panel extrusions in the T3 temper are under

investigation at NASA-Langley for a matrix of aging times and temperatures. Where possible,

these properties will be obtained from NASA-Langley.

Potentiodynamic tests have been conducted on AA2096-T3 panel extrusions recently

obtained from NASA-Langley to determine a suitable combination of inhibited solution and

potential. As a comparative base-line, 99.999% AI was also tested. The solution investigated to
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datewas1M Na2SO4+ 0.1M CH3COONa(3H20with varyinglevelsof NaCI (0, 0.01,0.1, and

0.5M), currentlytheleadingchoicein aseparateUVaprojectontheSCCresistanceof

AA7050.[13]All solutionswerebroughtto apH of 3.8with additionsof aceticacid.

Figure 1showsthepotentiodynamicscanfor AA2096-T3in deaerated0.5M NaCI

solution,with theplaneorthogonalto theshorttransversedirectionexposedto solution. Eachof

thecritical potentialspreviouslydiscussedis apparent,with adifferencebetweenEocr,andEpi t of

nearly 280 mV. Figure 2 shows a compilation of all results for pure aluminum in various NaCI

concentrations, as does Figure 3 for AA2096-T3. Note that reverse scans are not shown for

brevity. All pertinent potentials are listed in Table 1. For both AI and AA2096-T3, no pitting

potential is observed in deaerated solutions containing 0.0 M NaCI, and none is seen in the

AA2096-T3 for the 0.01 M NaC1 solution. Microscopic inspection of the sample surfaces after

these tests also showed no signs of pitting. The general trend is that as the C1- concentration

increases, the pitting potentials decreases. This is as expected.[_41 Note also that at any given

chloride concentration, the critical potentials for the AA2096-T3 material are more positive than

those of the high purity AI.

Figure 4 shows the complete scan of the AA2096-T3 in 0.01M NaCI. Note the increase in

current within the passive range of the plot at approximately -0.200 Vscw. This could be indicative

of oxygen evolution which is suppressed to rates below the passive dissolution rate with insulating

oxide film thickening. This phenomenon is observed on many insulating oxides.tlsl Upon

reversing the scan, the oxide film is sufficiently thick, and the effect is no longer apparent.

Conclusions

1) AA2096-T3 shows no pitting in dearated 1 M Na2SO4 + 0.1 M CH3COONa.3H2 O

solution acidified to pH=3.8 with acetic acid with 0 M or 0.01 M NaCI up to an applied potential of

0.6 VSCE (1.4Voce).

2) The open circuit, pitting, and repassivation potentials of AA2096-T3 are consistently

higher than those of high purity aluminum in the same solution.

3) A solution with an inhibitor base of 1 M Na2SO4 + 0.1 M CH3COONao3H20 has

shown promise as an alternative to chromate inhibited solutions for the purpose of

electrochemically controlled SCC tests.
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Tasks for Next Reporting Period

The electrochemical tests outlined herein will be extended to include the T and L

orientations of the AA2096 material, and the C155 material will be subjected to the same test matrix

once received from ALCOA. Though the search for and evaluation of alternate inhibited NaCI

solutions will continue, it will still be necessary to utilize some chromate-based solutions for

comparisons. The effects of aging on the SCC resistance must also be studied. The proper T8

aging practice for AA2096 is currently being determined at NASA-Langley. Once completed, the

potentiodynamic tests outlined in this report will be applied to the T8 and some underaged

conditions. Appropriate combinations of aging/applied potential/bulk solution chemistry will then

be chosen for the future fracture mechanics-based SCC testing (most likely to begin in the second

reporting period of this year).

[Cl-],
M

0

0.01

0.1

0.5

EocP

-0.945

-1.000

-0.973

-0.965

99.999 2096-T3

% A!

Epit Epit

-0.361

-0.534

-0.650

I

i Erepass EOCP

i

--- -0.863

-0.685 -0.846

-0.723 -0.861

-0.763 -0.842

-0.500

-0.561

Erepass

-0.625

-0.703

Table 1: Eocr,, Epit and Erepass for 99.999% A1 and AA2096-T3 (surface orthogonal to the short
transverse direction) as a function of NaC1 additions to a deaerated solution of 1 M

Na2SO4 + 0.1 M CH3COONao3H20 + acetic acid to pH=3.8. All potentials are reported
as volts versus the Standard Calomel Electrode (VscE).
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Figure 1: Potentiodynamic scan of AA2096-T3 in a deaerated solution of 0.5 M NaC1 +

1 M N a2SO,,_ + 0.. 1 M CH, COONa-3H20_ + acetic acid to pH=3 .8. Eot,r_,, E.pi.,t and.
Erepass are indicated. Only the plane orthogonal to the short transverse direction

was exposed to solution.
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Figure 2: Composite of potentiodynamic scans of 99.999% A1 in deaerated solutions

of X M NaC1 + 1 M Na2SO 4 + 0.1 M CH.COONa-3H_O + acetic acid to pH=3.8. The
plane orthogonal to the short transverse d_rection was _xposed to solution. Only forward

scans shown for brevity.
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Figure 3: Composite of potentiodynamic scans of AA 2096-T3 in deaerated solutions

of X M NaC1 + 1 M Na2SO 4 + 0.1 M CH3COONa-3H20 + acetic acid to pH=3.8. The
plane orthogonal to the short transverse direction was exposed to solution. Only forward

scans shown for brevity.
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Project #6a: MECHANISMS OF DEFORMATION AND FRACTURE
IN HIGH-STRENGTH TITANIUM ALLOYS: EFFECTS
OF TEMPERATURE AND HYDROGEN

Faculty Investigator: R.P. Gangloff
Graduate Assistant: S.P. Hayes

Research Objectives

The broad objective of this research is to characterize and understand the relationships

between microstructure, deformation mode, and fracture resistance of high strength alloys for

HSCT applications. This Ph.D. program emphasizes the effects of time, temperature, and

dissolved hydrogen on the fracture toughness of an advanced metastable B-titanium alloy. The

objective of this reporting period is to establish the room temperature fracture resistance of an

advanced metastable B-titanium alloy, TIMET LCB, in both plate and sheet forms. These

properties are compared with those of other beta alloys to determine if LCB is a reasonable

candidate for mechanistic research in support of HSCT applications, before hydrogen charging or

elevated temperature experiments are performed. As a basis for this work, it was necessary to

improve the R-curve fracture toughness characterization method applied to thin sheet titanium alloy

specimens.

Background and Approach

Material

A metastable -titanium alloy, TIMET LCB, was selected for study; its composition was

reported previously [1]. The alloy was provided by TIMET in both sheet (4 sheets @ 0.15 cm x

20.32 cm x 40.64 cm) and plate forms (1 plate @ 0.94 cm x 17.78 cm x 40.01 cm). The

thermal-mechanical processing of the sheet was as follows:

19.05 cm diameter x 25.4 cm long ingot

Beta forge to 10.16 cm x 15.24 cm from 1093oC

Alpha/Beta forge to 4.45 cm x 16.51 cm from 760oC
Beta roll to 0.51 cm x 16.51 from 849oC

Alpha/Beta roll to 0.31 cm x 16.51 cm from 752oC
Cold roll to 0.18 cm (42% reduction)

Alpha/Beta solution treat at 760oC (20 minutes)
Fan air Cool

Age at 593oC for 20 hours

The plate was processed from the same ingot as the sheet but was extracted from the

processing sequence at the 0.95 cm thickness. It was solution treated at 760oC for 20 minutes, air

cooled, and aged at 593oC for 20 hours.
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Fracture Mechanics Characterization

Fracture mechanics were successfully used to characterize and understand the

time-temperature dependent fracture behavior of elevated temperature aluminum alloys [2-5].

These methods will be used for testing titanium alloys, with the most significant difference in the

test setup arising from the substantial increase in the electrical resistivity of titanium compared to

aluminum. This experimental method measures load, load-line displacement, and crack length

(from direct current electrical potential) as a function of time for a fatigue-precracked specimen

mounted in a computer-automated closed-loop servoelectric test machine and operated under

constant actuator-displacement control. The experiment employs a fixed grip displacement rate

rising load R-curve method, measured in terms of the applied J-integral versus crack extension,

Aa, curve. This technique yields three measurements of initiation fracture toughness (Kici, KjIci,

and Knc) and the plane stress tearing resistance with a single fracture mechanics specimen [5]. In

addition, when stable cracking occurs, J-Aa can be analyzed to yield K versus crack growth rate,

da/dt. Plate compact tension (CT) specimens are 6.35 mm thick and 30.5 mm wide, while sheet

CT specimens are 1.7 mm thick and 76.2 mm wide and restrained with face-plates to prevent

buckling.

Results During the Reporting Period

The rising load R-curve test method was used to determine the fracture toughness of

TIMET LCB plate and sheet at room temperature with constant load-line displacement rates of 0.67

and 5.08 p.m/sec, respectively. The results of these experiments are summarized in Table I.

Table I TIMET Low Cost Beta Room Temperature Results

Specimen Hardness UTS Jici (1) Kjici (i) Jici(2) KjIC(2) Kici(1)

Id. (HRC) 0VlPa) (k J/m2) (MPa_/m) (k J/m2) (MPa_/m) (MPa_/m)

Plate 1 40.3 1197 8.1 32.5 17.3 47.5 32.5

Plate 2 39.8 1178 7,8 31.9 19.1 50.0 32.0

Sheet 4 40.4 1201 28.1 59.6 34.5 66.0 59.7

Sheet 5 41.6 1247 17.3 47.2 25.1 56.8 47.3

Sheet 6 41.3 1235 18.3 48.4 49.9 79.9 48.5
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As TableI indicates,five LCB specimenshavebeentestedusingtherising loadR-curve

method.Hardnesswasmeasuredandultimatetensilestrength(UTS)wasdeterminedfrom a

correlationof hardnesswith UTSdevelopedfor LCB sheetof 1.6mmthickness[6]. Theequation

of theline givenby thiscorrelationis:

U.T.S. = 5.59 * Hardness- 47.69 (1)

where UTS is given in ksi and hardness in Rockwell C. These predicted ultimate tensile strengths

agree well with those measured at UVa by Kazanjian which averaged 1176 and 1157 MPa for LCB

plate and sheet, respectively.

The initiation fracture toughness parameters (JIci, Kici, Kjici, and KjIC) were determined

from J-Aa data, while Kici was based on ASTM Standard E 399 with the assumption that plane

strain deformation controlled fracture initiation. The three columns with the superscript (1) and

subscript (i) denote that fracture initiation was detected by a resolvable increase in the DCPD

signal. JIci was calculated from the load, load-line displacement, and crack length data points at

the time when the DCPD signal increased signifying crack initiation. JIci was converted to a linear

elastic initiation toughness (KjIci) by the following relation:

(2)

Kici is the linear elastic fracture toughness based on the K-solution given in ASTM Standard E 399

which is:

(3)

where Pi and ai are the load and crack length at initiation, and B and W are specimen thickness and

width, respectively. However, unlike ASTM Standard E 399 (Kxc) which is based on a secant

offset method to determine crack initiation, Kici is based on a resolvable increase in the DCPD

signal to determine crack initiation. The load and crack length recorded at the time of the increase

in DCPD are used in equation 3 to determine Klci. The tabulated values of KIC i and KjIci for all

LCB specimens tested are approximately equal (to within _+0.1 MPa). Both values were

69



determinedbasedon DCPD-detected crack initiation with the only difference arising from the

method of calculating K. Recalling that JTotal has both plastic and elastic components, as given by:

JTo,o,= Jp,,_,¢+ JE,=,_ (4)

J-integral calculations indicated that the plastic contribution (JPlastic) to JTotal is insignificant

compared to the elastic contribution (JElastic) so that small scale yielding is maintained and linear

elastic K analysis is sufficient.

The two columns with the superscript (2) denote that fracture initiation was determined

using ASTM Standard E 813 which utilizes a 0.2 mm offset blunting line to calculate JIc. Kjic is

then determined using equation 2.

Figures 1 and 2 show the Kj-Aa curves for the sheet and plate CT specimens of STA LCB.

As Figure 1 shows, there is variation in the general appearance of the R-curves for the replicate

experiments of the sheet specimens, with initiation fracture toughness (both KjIC and KjIci)

ranging from 47 to 80 MPa_lm (Table I). In addition these curves show that crack bursting occurs

rather than continuous growth as would be expected for thin CT specimens of a ductile alloy.

Figure 2 shows that the initiation toughness is dramatically reduced for the plate specimens

compared to sheet. Crack growth is not continuous but rather occurs by bursting. The stress

intensity achieved at 3 mm of crack extension (K3mm) in sheet and plate specimens is less scattered

than the initiation values (KjIc) reported (K3m m equals 68 and 80 MPa_/m for plate and 72, 92, and

92 MPa m for sheet LCB). As shown in an ensuing section, the toughness differences are

generally explained by modest hardness differences and by the precise definition of initiation

toughness. The results for sheet in Figure lc are outside this norm.

Macroscopic observations of the fracture surfaces of the sheet specimens revealed that

shear growth occurred after initiation, while the plate specimen fracture surfaces appear to be plane

strain type but more complicated. The microstructure of the plate was not fully recrystallized and

as a result was heterogeneous with elongated, pancaked beta grains. The boundary between these

pancaked grains could provide an easy path for crack propagation which would account for the

reduced toughness of the plate relative to the sheet. Increased plane stress shear cracking in sheet

specimens may explain the increased K3m m values compared to the plate. The existence of an

R-curve for low toughness plate may be related to modest delamination due to the heterogeneous

microstructure.

70



Crackinitiation andgrowthin precrackedCT specimensweremonitoredcontinuouslyby

DCPD [7]. A constantcurrentof 10A wassuppliedto thespecimenwith aDC powersupply,and

thedirectcurrentelectricalpotentialdifferenceacrossthenotchandgrowingcrackwasamplified

with a 103gainamplifierandreadby acomputer.Thecomputeraveraged808readingsperdata

pointwhich significantlyreducedrandomnoise. Figure3 showsmeasuredpotentialandload

versusCMOD for one of the sheet specimens tested. Noise in the DCPD signal had been one of

the major limitations in establishing an R-curve for TIMET LCB, but as this figure demonstrates,

the noise is now +1 lxV for a 6500 _V base signal (+0.015%) which is sufficiently low to

accurately detect crack initiation. Crack initiation is indicated by an increase in the DCPD signal

since the electrical resistance of a cracked body increases as the crack extends.

For this test, crack initiation occurred when the DCPD signal jumped 4 lxV at a CMOD of

0.91 mm. This jump in measured DCPD was coincident with the first resolved load drop in the

load-CMOD data which further supports crack initiation. The load (Pi), measured potential

(DCPDi), and CMOD (CMODi) at initiation are labeled in Figure 3. This 4 I.tV jump was the first

time that consecutive DCPD data points differed by more than 1 _tV, and there is a definite trend in

the data immediately following this jump which signifies growth. The DCPD signal for tests on

this alloy did not gradually rise after initiation as has been typically seen for aluminum and other

titanium alloys. Instead, it jumps and then remains stable much like the preinitiation signal until the

next burst occurs.

Figure 4 shows initiation fracture toughness (both KjIc and Kjici) versus ultimate tensile

strength for TIMET LCB sheet and plate. The data for the two methods of characterizing fracture

toughness are described with lines for both the plate and sheet. Plate toughness is less than that of

sheet, independent of the parameter definition. An important point is demonstrated in this figure,

consistent with results found by Haynes et al. for 3.2 mm sheet of precipitation hardened 2xxx A1

alloys [5]. The initiation fracture toughness (KJIC) as determined by ASTM E-813 is consistently

greater than the value determined by DCPD (KjIci). This occurs because ASTM E-813 uses a 0.2

mm offset blunting line to determine initiation and as a result, determines initiation after some finite

crack growth has occurred.

In order to evaluate TIMET LCB as a candidate for HSCT applications, it is important to

compare its fracture toughness with other high strength B-titanium alloys. Figure 5 shows fracture

toughness versus yield strength of various B-titanium alloys which have been tested at UVa. The

initiation fracture toughness values (K'Ic, filled symbols) for Beta-21S and Ti-15-3 were defined

by the first resolved nonlinearity in the load vs actuator displacement record, which was generally
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coincidentwith thefirst changein slopeof theDCPDvsdisplacementrecord.Theseinitiation

fracturetoughnessvaluesarefor planestrainconstraintbasedonASTM StandardE 813andare

slightlylessthanor equalto KICfromASTM StandardE 399 [8]. Theinitiationfracture

toughnessvalues(Kici) for Beta-C,Beta-21S(opensymbols)andTIMET LCB werecalculated

usingequation(3) basedonaresolvableincreasein theDCPDsignalto determinecrackinitiation,

while thevaluesfor McDonnellDouglasLCB (KIc, filled symbols)werebasedona 95%

slope-interceptmethod.Theyieldstrengthswerecalculatedfrom ahardnesscorrelation.Thedata

for thevariousalloyshavebeendescribedwith linesto showthestrengthdependenttoughness
trendsfor thespecificalloy systems.T1METLCB sheetis describedby abandratherthanaline to

accountfor uncertaintyin theyield strengthsincemeasuredandcorrelatedvaluesdiffer by about
50MPa.

This figure shows that the properties of T/MET LCB sheet are similar to Beta C, but appear

inferior to both STA Beta-21S and Ti-15-3. However, it must be recognized that Beta-21S and

Ti- 15-3 were characterized by a less sensitive engineering-toughness parameter. The first

resolvable increase in DCPD is more sensitive to crack initiation than either the 95% slope-intercept

method that ASTM Standard E 399 specifies or the first change in slope of the load vs actuator

displacement record. The data for Beta C, Beta-21S (open symbols), and TIMET LCB sheet are

based on DCPD-detected initiation (KIci) and show that the strength dependent toughnesses are

similar and could be described by a singular band. The data (closed symbols) for Beta-21S and

Ti-15-3 are elevated due solely to the differences in the initiation fracture toughness characterization

methods employed. This is clearly demonstrated by the significant difference in reported

toughness of the same heat of Beta-21S (open vs closed symbols) when comparing the two

characterization methods (KIci vs K'Ic). (KJIc for this experiment equals 65.9 MPa_/m while KIci

equals 50.6 MPa_/m.) A similar decrease in toughness would be expected for the Ti-15-3 alloy

system if DCPD, rather than the actuator displacement record, was used to detect crack initiation.

The fracture toughness of TIMET LCB plate and perhaps McDonnell Douglas LCB, are atypically

low.

Figure 6 shows initiation fracture toughness (Kjlc) versus ultimate tensile strength (UTS)

for TIMET LCB sheet and plate as well as Beta-21S sheet processed different ways [6]. The

initiation fracture toughnesses for TIMET LCB reported in this figure are based on ASTM

Standard E 813 and a 0.2 mm offset blunting line instead of DCPD-detected initiation. This

initiation parameter (KjIc) was chosen to be consistent with the values reported for Beta-21S [6].

The TIMET LCB data are described by a band to account for uncertainty in UTS since the
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measuredandcorrelatedvaluesdiffer by about50MPa. Thetoughnessof LCB sheetis similar to

the lowerboundfor theBeta-21Ssheetdata,with theexceptionof thesinglehightoughnessLCB

resultthat maybeanomalous.Theplanestrainfracturetoughnessof LCB plateis clearlylessthan

thatreportedfor theBeta-21Ssheetmicrostructure.

Conclusions

Directcurrentpotentialdifferenceisaneffectivetechniquefor detectingcrack-growth
initiation in fatigueprecrackedCT specimensof TIMET LCB sheetandplate.

Theinitiationfracturetoughnessandgrowthfractureresistanceof LCB sheetCT

specimenswerevariableandsignificantlygreaterthanthecorrespondingpropertiesof theplate. A

largepartof thevariabilitywastracedto alloystrengthdifferencesandtheprecisionof crack

growth monitoring.

Thefractureresistanceof TIMET LCB sheet is comparable to Beta C and the lower bound

values of toughness for Beta-21S (excluding a single high toughness LCB result) when consistent

initiation fracture toughness parameters are used as a basis of comparison. No direct comparison

of fracture resistance can be made between TIMET LCB and Ti-15-3, but based on the trends of

different initiation fracture toughness parameters, their fracture resistances should be similar.

The initiation fracture toughnesses and maximum stress intensities achieved appear to be sufficient

to characterize the effects of temperature and dissolved hydrogen on the fracture resistance of

TIMET LCB sheet.

K3mm is a useful parameter in comparing experimental results to determine the effects of

temperature and dissolved hydrogen on the fracture resistance of TIMET LCB sheet.

Future Work

Future work will focus on: (1) improving the R-curve fracture toughness characterization

method applied to thin sheet titanium alloy specimens, specifically for long term exposure at

elevated temperature, (2) beginning a systematic study of internal hydrogen embrittlement of STA

LCB sheet, (3) investigating the fracture modes in LCB at various test temperatures and

predissolved hydrogen concentrations, and (4) beginning characterization of the fracture resistance

of solution treated and aged Ti-15-3 or Beta-21S sheet.
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Project #6b: MECHANISMS OF DEFORMATION AND FRACTURE IN
HIGH STRENGTH TITANIUM ALLOYS: EFFECTS OF
TEMPERATURE AND MICROSTRUCTURE

Faculty Investigator: E.A. Starke, Jr.
Graduate Assistants: S.M. Kazanjian, H. Hargarter

Change in Degree Program

Ms. Kazanjian has committed to the pursuit of a Ph.D. degree and expects completion of

this effort in December, 1998.

Dr. Hinrich Hargarter, a post-doctoral fellow visiting from Hamburg, Germany, will

contribute his experience in interpretation of titanium microstructures to this research.

Research Objectives

The aim of this project is to identify the mechanisms by which damage occurs in

beta-titanium alloys and their dependence on microstructural variations and temperature. The

effects of all of the following factors which can influence fracture mechanisms will be investigated

for two beta alloys:

1.

2.

3.

4.

5.

6.

7.

grain size of the beta phase,

alpha volume fraction,

grain boundary alpha formation,

the presence of metastable phases,

alpha morphology,

crystallographic texture and

temperature at which deformation takes place.

Microstructures and textures will be altered by varying thermomechanical processing

sequences so that mechanical properties and deformation modes can be determined for various

metallographic conditions.

Background and Approach

The relatively low fracture toughness values initially reported for Timetal LCB (Low Cost

Beta: Ti-6.8Mo-4.5Fe-1.5A1)[1] prompted investigation into thermomechanical processing that

could produce acceptable fracture toughness in this alloy while maintaining high strength. For

comparison, a slightly lower strength, higher fracture toughness beta alloy, Timetal 15-3

(Ti- 15V-3Cr-3Sn-3AI) will also be analyzed. The fatigue resistance of Ti- 15-3, currently slated

for use in the TIGER laminate system, has been recognized as inadequate. Understanding
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mechanismsof fracturein thesealloyswill increasethepossibilitythatprocessingcanbedesigned

to producemicrostructureswhichwill optimizethebalanceof mechanicalproperties.

Measurementsof baselinetexture,tensilestrength,ductility, fracturetoughness2and

fatigueresistancewill beperformedonbothmaterialsin theform(s)theyarereceivedfrom the

manufacturers.Examinationof thedeformedmicrostructurecomparedto theoriginal

microstructurewill beconductedin atransmissionelectronmicroscope(TEM) to identifythe

natureof deformationtakingplace. Fracturesurfaceswill alsobeevaluatedusingascanning

electronmicroscope(SEM).

After examinationsof as-receivedmaterialsarecompleted,severalthermomechanicalheat

treatmentswill beperformedto producevariousmicrostructures.Theappliedheattreatmentswill
includeatleast(a)betasolutionheattreatmentandquenchafterrolling,and(b)betasolutionheat

treatmentanddirectrolling atvariousfixedtemperaturesandpercentreductionsbeforequenching

andaging. Mechanicaltestswill againbeperformed.Deformationmodeswill beidentifiedusing
TEM andSEMexamination.

Thisresearchwill beconductedin cooperationwith ProfessorHenryRackof Clemson

Universitywhosestudentshavebeendevelopingtime-temperature-transformation(TTT) curves

for LCB thatwill aidtheselectionof processingtemperaturesfor thismaterial[2].Sincealpha

phasemorphologyin thesealloysissensitiveto smallchangesin temperaturewithin thealpha-beta

phasefield, strictcontrolof therelativelyhightemperaturesrequiredfor rollingtitaniummustbe

maintainedduringrolling. For thisreason,therolling will mostlikely beconductedat aresearch

lab suchasG.E. Schenectady,NY.

Progress During the Reporting Period

Initial microstructural, crystallographic and mechanical property evaluation of Timetal LCB

sheet and plate received in August has begun. Three sheets (8" x 16" x 0.058") and one plate (7" x

15.75" x 0.370") have been dedicated to this segment of the project. The sheet was processed in

the following manner:

,

2.

3.

4.

5.

7.5" dia. x 10" long ingot

Beta forge to 4" x 6" from 20000F

Alpha-Beta forge to 1.75" x 6.5" from 1400°F

Beta roll to 0.2" x 6.5" from 15600F

Alpha-Beta roll to 0.12"x 6.5" from 1385°F

2 Fracture toughness will be measured by Sean Hayes and Dr. R. Gangloff, portion "a" of this project.
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,

7.

8.

9.

Cold roll to 0.070" (42% reduction)

Alpha-Beta solution treat at 14000F

Fan air cool

Aged I 100(F for 20 hours

This sequence resulted in the segregated structure shown in Figure 1. Grain size varies

significantly both through the thickness of the sheet and across the sheet face. Even more graphic

are the layered bands of beta phase separated by thin, continuous layers of alpha. The degree of

recrystallization within these beta bands varies, exhibiting maxima at the surface and in one band

approximately at the sheet center.

Plate was removed from the above rolling sequence at thickness ( 0.375", then alpha-beta

rolled to final thickness of 0.370", solution treated and aged similarly. Very little alpha-beta

rolling is consistent with the microstructure observed, Figure 2. Although drastic segregation is not

present in the plate, bands of higher volume fraction of alpha precipitates do exist. Within these

bands the precipitates are slightly deformed along the rolling direction. In neighboring bands

containing lower alpha volume fractions, the precipitates remain approximately spherical.

Texture measurements made by x-ray diffraction revealed only minimal crystallographic

orientation associated with each phase in both sheet and plate. The orientation distribution function

(ODF) for the beta phase of LCB sheet is shown in Figure 3. Individual pole figures measured for

both sheet and plate are given in Figures 4 and 5. Due to the proximity of their Bragg angles,

measurements of {0002}alpha, { 10"10}alpha and { 10_1 ]alpha pole figures are dominated by

overlapping signal from the { 110}beta pole, and the { 10_2}alpha pole figure contains the influence

of the {200 }beta pole. Generation of the { 110 }beta pole figure from data measured for {200 }beta

and {211 }beta accounted for all of the peaks evident on the measured { 110}beta pole figure. This

implies that the alpha peaks do not contribute a significant texture to the measured { 110}beta pole

figure. Because of this relative insignificance, deconvolution of any texture present in the alpha

phase is impossible and no pole figures are shown for the alpha phase of either material.

Results of initial mechanical tests of the LCB sheet and plate in the as-received condition

measured in three orientations are given in Table I. Tensile tests were performed according to

standard ASTM E8 procedure using standard 0.25" gage width sub-size flat specimens for sheet

and 0.160" diameter small-size round specimens for plate. Elastic properties of the plate, given in

Table II were evaluated ultrasonically by Doug Queheillalt at the University of Virginia.
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Table I: Timet LCB Tensile Properties

Specimen No. of Yield, 0.2% UTS Fracture Stress Elongation

Tests ksi [MPa] ksi [MPa] Ksi [MPa] C/o)

Sheet, RD 2 161.8 [1116] 166.6 [1149] 186.4 [1285] 9.9

2 164.4 11.4[1134]

[1189]172.4

172.7 [1191]

166.6 [1149]

Sheet, 45"

Sheet, TD

199.0 [1372]

189.6 [1307]

206.6 [1425]

220.0 [1517]

212.8 [1467]

Plate, KID

II

Plate, 45*

164.0 [ll31]

171.2 [1180]

171.0 [1179]

166.6 [1149]

171.8 [1185]Plate, TD 172.3 [1188]

5.4

15.8

17.6

14.9

Table II: Timet LCB Elastic Properties

Specimen HRC

Ultrasonically Measured Moduli

X E06 Psi [GPa]

Young's, E Bulk, K Shear, G

Plate 41 18.8 [130] 13.8 [95]

Poisson's

Ratio

7.4 [51] .273

Tensile tests revealed little anisotropy of yield and ultimate strength although elongation

proved to be orientation dependent. The yield strength of -162 - 1'72 ksi is below target of 180 ksi

for this alloy when aged at 1100°F. Ultimate tensile strength (UTS) was expected to be 185 ksi

rather than the 164 - 173 ksi measuredtl]. The lack of work hardening is typical, however. This
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material was intentionally processed by Timet to produce a balance of yield strength and fracture

toughness.[31 Scanning electron microscopy (SEM) revealed fracture features of the same scale as

the alpha-surrounded grains, Figure 6.

Pieces of both sheet and plate were beta solution heat treated in the lab to examine the

orientation of the primary and precipitated alpha phase within the beta matrix. These examinations

are continuing.

Two sections of 15-3 plate of composition given in Table III were contributed by Dr. John

Scully at Univ. of VA for initial evaluation of the material in solution heat treated and quenched

condition and peak aged condition. These investigations are getting under way.

Table llI: Ti - 15V - 3Cr - 3Sn - 3A! Composition, wt %[5]

V

I

Spec. 14.0-16.0

Actual 14.9

Remainder Titanium

Cr

2.5-3.5

2.99

A1

2.5-3.5

I

3.21

Sn

2.5-3.5

I

3.61

O

0.13 max

0.123

Conclusions

Non-uniformity of the LCB sheet microstmcture developed during rolling contributes to the

anisotropy of ductility. This anisotropy is averted when the material is processed to achieve a more

uniform microstructure as in the plate.

Since microstructural segregation is severe in the as-received LCB sheet and

crystallographic texture is minimal, any property dependence on texture would be overwhelmed by

microstructural effects. Study of the effect of texture on deformation modes will be postponed until

material with significant texture can be produced.

Identification of deformation modes in the LCB sheet and plate has proven difficult due to

their complex microstructures. Testing material in the beta solution heat treated and quenched

condition will reduce the complexity and provide information on deformation in the beta phase.

Similar tests on Ti-15-3 in the solution treated condition will establish baseline beta deformation

information for this alloy as well. After this is determined, deformation in the more complex aged

structures will be more easily discernible.
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Tasks for the Next Reporting Period

The main thrust of this project during the next few months will be recognition of

deformation taking place during testing. TEM samples from LCB sheet specimens strained to

failure (5-17%) and to 1% are currently under examination to try to determine the nature of

deformation that has taken place. However, examination of beta solution treated material is of

higher priority, since the alpha+beta solution treated and aged microstructures are so complicated.

The Ti-15-3 currently available will be solution treated and strained to various, relatively low strain

levels in order to characterize deformation in the beta phase. After additional material is received

from R. Boyer of Boeing, tensile and fatigue properties will be measured and microstructures

examined in a variety of aged conditions.

Until the receipt additional Ti-15-3 material, tensile properties as a function of temperature

for the as-received LCB sheet will be determined. Center-cracked panel specimens will also be

prepared from this material to perform fatigue crack growth rate measurements. The test system

will be configured and tests underway by the end of the next reporting period.
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Figure 1.

(a) (b)

Bandsof betaphasecontainingunequalamountsof recrystallizationare visible in

the as-receivedLCB sheet(a). Continuousalphaphaseis presentalongboundaries

of pancakeshapedgrainsorientedin therolling direction(b).

Figure2.

(a) (b)

Distribution&alpha in as-received LCB plate is more uniform than in the sheet (a),

however, bands containing higher volume fraction of slightly deformed alpha are

evident, as visible in the lower half of (b).
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Figure 5. LCB Plate pole figures for { 110}_t.., {200}b.,. and {211 }b.. poles.
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Figure 6.

(a) (b)

Correlation between fracture features and grain size for as-received LCB sheet.

alpha phase at grain boundaries plays an important role during fracture.

(a) Optical microscopy

(b) SEM

The
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Project #7: EVALUATION OF WIDE-PANEL ALUMINUM ALLOY
EXTRUSIONS

Faculty Investigator: John A. Wert
Graduate Student: Mark T. Lyttle; Ph.D. Candidate

Research Objectives

The overall objective of this project is to experimentally observe and model the effects of

microstructure and texture on yield strength in wide panel aluminum alloy extrusions. The

modeling results will enable the prediction of locations and tensile axis orientations corresponding

to minimum yield strength where localized yielding could occur in service. A generalized form of

these models can be applied to any combination of microstructure and texture found in other

aluminum alloys.

This progress report describes a series of yield strength observations made with an

AA2090 extrusion in which the texture, grain morphology, and precipitate volume fractions vary

with location. Comparison of the experimental observations with model predictions provides

insight into the influence of precipitates on yield anisotropy, and into the interaction between matrix

contributions and multiple precipitate contributions to yield strength.

Background and Approach

The large extrusion presses available in Russia offer the possibility of manufacturing wide

panel extrusions with integral stiffeners. The manufacturing process used by the Russians

involves extrusion of tubular forms with longitudinal L-shaped stiffeners protruding from the outer

surface. The extruded tube is slit longitudinally and flattened in a series of rolling and stretching

operations. The final product is a wide, flat panel with integral stiffeners on one side. The

integrally stiffened panels may provide an economical alternative to conventional riveted or

adhesively bonded aircraft and launch vehicle structures.

The manufacturing operations described above result in complex metal flow patterns in

many portions of the panel, creating certain microstructure and crystallographic texture

characteristics that are far different from those found in conventional rolled or extruded aluminum

products. Because of the shape of the extrusions in the vicinity of the stiffeners, the metal flow

pattern during extrusion and flattening operations varies greatly over short distances (on the order

of several millimeters). Since mechanical properties depend on microstructure and texture, the

mechanical properties are virtually certain to vary with location in the panels, particularly in the

vicinity of the stiffeners. In addition, substantial out-of-plane loading is likely to occur in the
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vicinity of thestiffeners.Knowledgeof thevariationof mechanicalpropertieswith locationin the
panels,andwith loadingdirectionat theselocations,is neededfor efficientandsafeuseof

wide-panelaluminumalloyextrusionsinaerospacevehicles.

Theproposedworkwill addressthisproblemthroughacombinationof experimental

measurementsandmodelingof theinfluenceof microstructureandtextureon tensileproperties.

Fouraspectsof thematerialwill becharacterizedexperimentallyatselectedlocations:texture,

grainmorphology,deformationsubstructure,andprecipitatemorphology.Thesecharacteristics

will beincorporatedintopreviouslyproposedmodelsthatpredictyield strengthbasedon separate
characteristics.An effortwill bemadeto blendthepreviousmodelsintoanoverallmodelto

predictyield strengthasafunctionof stressaxisorientationfor theselectedalloy. Themodelwill

be testedandrefinedbycomparisonwith tensiletestresultsgeneratedby NASA andNASA

contractors,andby additionaltestsatUVa. Themodelwill thenbeusedto predicttheextreme

valuesof yield strength,andtheassociatedstressaxisorientations,asafunctionof locationin and

nearthestiffeners.Theseresultscanthenbeusedto definelimiting loadconditionsfor thepanels
suchthatlocalizedyieldingis avoided.It ispossiblethattheresultscouldalsobeusedto

recommendchangesinprocessingconditions(for example:extrusiontemperature,diegeometry,

or flatteningprocedure)thatwouldraisetheminimumyield strengthor changeits stressaxis

orientation,resultingin improvedpanelperformance.

A majorgoalof thisresearchis thepredictionof yieldstrengthasafunctionof

microstructuralcharacteristics.Modelsbasedon fundamentalprinciplesnowexist for

understandingthecontributionof precipitateparticles,solutein solidsolutionanddislocation

substructureto yield strength[1-4]. However,dueto thecomplexityof microstructuralfeatures

foundin realengineeringmaterials,synthesisof thesevariousstrengtheningmechanismsinto a

unifiedmodelthatcanaccuratelypredictyieldstrengthdirectionalityhasnotbeenpreviously
described.

Thethreeprimarymicrostructuralaspectsinfluencingyield strengththatwill beinvestigated

areslip planeorientation,precipitatelocationandmorphology,andgrainmorphology.
Characterizationof themicrostructurewill befocusedonthesethreeareas:

1. Usetextureresultsto performTaylor/Bishop-Hillyieldanisotropypredictionsfor

bothin-planeandout-of-planetensileaxisorientations.Usingtextureresultsobtainedfrom pole

figuredata,asetof grainsrepresentativeof theorientationspresentin eachareaof theextrusion

canbegenerated.CombiningTaylor/Bishop-Hillanalysesandthisrepresentativesetof grains,the
activesetof slip systemsandcorrespondingTaylorfactorin eachgraincanbedetermined.
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Averagingoverall grainsyieldstheaverageTaylorfactorfor thespecifieduniaxialstress
orientation.

2. Microstructuralassessmentby TEM will revealtheprecipitatetype,size,habit

plane,volumefraction,andmorphologyasafunctionof location. Sincethedislocation

substructureis inhomogeneous,theprecipitatecharacteristicsmayvaryasafunctionof location

within theextrusions.Theprecipitatecharacteristicsateachlocationwill beincorporatedinto the

appropriateprecipitateinclusionmodelto assessthecontributionof precipitatestrengtheningto

yield strength.
3. Grainmorphologywill bedeterminedby opticalmetallography.Whengrainsare

notequiaxed,somerelaxationof thecompatibilityrequirementsof theBishop-Hillmodeloccurs

[5]. Modelingtheeffectof grainmorphologyandtheconcurrentrelaxedconstraintconditions,

leadsto areductionin Taylor factorin certainorientations.Incorporationof grainmorphologyinto

yield surfacepredictionsseemsessentialin caseswheregrainshapeisnotessentiallyequiaxed.

Progress During the Reporting Period

The alloy under study is a AA2090 (AI-2.2Li-2.8Cu-0.12Zr, in weight percent) aluminum

alloy net shape extrusion. Skin and cap regions of the extrusion were examined as-received and in

an overaged condition. The skin region was also subjected to an overaging treatment of 400 h at

160°C, while the cap region was overaged for 24h at 300°C. The overaging treatments were

chosen to alter the relative volume fractions of the _5' and T1 phases while keeping texture and grain

shape unchanged.

Microstructure and Texture

The grain structures found in near net shape extrusions of the type being considered here

have been described by Hales [6]. The skin region contains pancake-shaped grains, while the cap

region contains lath-shaped grains. The difference in morphology can influence the degree of

constraint, which manifests itself in a reduced Taylor factor.

The as-received skin and cap regions also have somewhat different precipitate

characteristics. The skin microstructure consists primarily of 5' and 0' with small volume

fractions of 8'/0" and Tl, as shown in Figure la. The cap region contains roughly equal volume

fractions of T1 and 5', as shown in Figure 1b. No grain boundary precipitation or inhomogeneous

precipitation was observed in either region.
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Overagingtreatmentswerechosento isolatethestrengtheningincrementof individual

precipitatephases.Thisgoalwasaccomplishedby overagingtheskinregionto reducethevolume

fractionof T1,asshownin Figurelc, andoveragingthecapregionto increasethevolumefraction

of TI, asshownin Figureld. Theoveragedskinregioncontainscoarse_5'precipitatesanda

smallervolumefractionof 0' precipitates.In addition,averysmallvolumefractionof T1was

observed.Theoveragedcapregionappearsto haveundergonecomplete_i' reversion.LargeT1

precipitates were observed and there was substantial grain boundary precipitation.

Similar textures, characteristic of a deformation microstructure, were observed in all four

regions of the alloy. The ODF for the overaged skin region contains very strong brass and copper

components. Other than a weak cube component, there are no other texture components of note.

The three other regions of the extrusion contain similar textures. The overaged regions exhibited

the same texture as their as-received counterpart indicating that no significant recrystallization or

orientation-dependent preferential grain growth had occurred.

The predicted Taylor factor variation for a microstructure consisting primarily of grains

with brass and copper texture orientations typically contains a maximum near 0", a local maximum

near 90 °, and a minimum near 45*. The magnitude of the Taylor factor anisotropy is dependent on

the intensity of the texture types.

Experimental Yield Anisotropy for Skin, Cap, Overaged Skin, and Overaged Cap Regions

Figure 2 shows the experimental variation of yield strength for the four regions/aging

treatments examined in the AA2090 alloy. The yield strength of the as-received skin region is

virtually isotropic with a slight maximum at 90* to the extrusion direction. The as-received cap

region exhibits greater anisotropy. From a minimum near 450 MPa in several orientations of the

cap region, a maximum of 600 MPa is observed with the compression axis oriented 90* to the

extrusion direction.

The overaged skin region exhibits yield anisotropy characteristic of a typical rolled

microstructure. The maximum yield strength of 440 MPa occurs with the compression axis

oriented parallel to the extrusion direction, while the minimum yield strength occurs at 45 ° to the

extrusion direction and a lesser maximum occurs at 90* to the extrusion direction. The magnitude

of yield strength variation is roughly 50 MPa.

The overaged cap section has the largest yield strength oriented parallel to the extrusion

direction, of about 250 MPa, and appears to have a continuously decreasing yield strength as the

angle between compression axis and extrusion direction increases. The yield strength reaches a
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roughlyconstantvalueof 220MPafor compressiveaxisorientationbetween45°to 90° from the
extrusiondirection.

Theseexperimentalresultsrevealthestronginfluenceof precipitatemorphologyonyield

anisotropy.Sincetheoveragingtreatmentsdid notalterthetextureorgrainmorphology,the

significantchangesin yield anisotropyassociatedwith overagingcanonlybeattributedto

precipitatemorphologyandvolumefraction.

Model Results

For each region, the yield strength measurements from each direction are combined with

texture and TEM microstructure information to yield a set of equations of the form

6f = M 'rM ( 1 - f) + f OPr"I" N (1)

which are then fitted using the least squares method to determine flow stress parameters for the

matrix and precipitate phases [1]. M is the orientation dependent Taylor factor (or a relaxed

constraint version of it), 1;M is the CRSS of the matrix phase, f is the volume fraction of

precipitates, CrPr,T is the yield strength of the precipitate phase, and N is the orientation dependent

precipitate strengthening factor.

Figure 3 shows how texture and microstructure measurements are combined in the plastic

inclusion model, Equation (1), to predict the yield anisotropy. For the overaged skin region,

texture measurements predict a variation in the Taylor factor that is typical of a deformation

microstructure, Figure 3a, for pancake-shaped grains. For this texture, the orientation dependence

of precipitate strengthening factor, N, is shown for plate-shaped precipitates on { 111 } planes, T1,

and on { 100} planes, 0', in Figures 3b and 3c respectively. For all regions of this alloy, the

anisotropy corresponding to Taylor factor and to precipitates on { 111 } planes is roughly similar.

The anisotropy contribution predicted for precipitates on { 111 } planes is essentially opposite that

predicted for precipitates on { 100} planes.

Using volume fractions for the precipitates and estimates of precipitate and matrix

strengths, i.e. aluminum matrix CRSS is generally between 50 to 70 MPa and the effective flow

strengths of 0' and T1 are much greater than that of _5', the macrostmctural strengths of the phases

are solved using a least squares method. The yield anisotropy in all orientations can then be

predicted as seen in Figure 3d. To measure the effectiveness of the predictions and suitability of
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themodelconstruction,thecorrelationcoefficient,r2, and the standard deviation, SD, are

calculated for each region.

Better agreement could be obtained by choosing matrix shear strengths and effective

precipitate yield strengths independently for each region. However, setting internally consistent

values for these values is more of a true test of the model's viability and as shown in Table 1, these

values provide good correlation for all regions tested. For the skin, cap, and overaged skin

regions, the predicted results correlate well with the experimental yield strengths (r2 > 0.90), while

the skin, overaged skin, and overaged cap regions adequately predict the magnitude of variation as

well (standard deviation < 10 MPa).

Comparing the correlation coefficients of Taylor factor alone with those generated from the

plastic inclusion model in Table 1 shows that, for all regions tested, the plastic inclusion model

provides a better prediction of the yield anisotropy. For example, the fully constrained Taylor

factor is a poor predictor of the plastic anisotropy in the as-received skin region, r 2 = _ 0.58, but

using the reduced constraint Taylor factor corresponding to pancake-shaped grains and the

predominant strengthening effect of 0' precipitates, the correlation is vastly improved, r 2 = 0.88.

Taylor factor alone more closely predicts the yield anisotropy in the overaged regions,

which is expected since the magnitude of the precipitate strengthening and associated anisotropy is

reduced in overaged specimens, thereby emphasizing the Taylor factor contribution. From this, it

is apparent that T1 and 0' play an important role in the strengthening process and in the anisotropy

of the yield strength in the peak-aged condition.

In one instance the anisotropic effects of Taylor factor, precipitate information, and grain

morphology on yield strength as described by the plastic inclusion model are not enough to

accurately predict the magnitude of yield strength variation. In the cap region, the magnitude of

yield strength variation is approximately 150 MPa, or a 25% variation depending on compression

axis orientation. A corresponding variation in terms of Taylor factor would be 2.6 to 3.3, which is

observed only in multicrystals or very highly textured materials. For the present alloy, no single

term in the inclusion model exhibits as large a percentage variation as the experimentally observed

yield strength variation in the cap region.

Discussion

The present results reveal that the plastic inclusion model is in fair agreement with

experimental yield strength measurements for the peak-aged and overaged skin and cap regions.

However, some characteristics of the experimental observations are not accurately predicted using
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this model. In the discussion section, possible origins for these deviations are considered.

Two possible origins of the inability of the plastic inclusion model to accurately predict the

plastic anisotropy and magnitude of anisotropy are considered. The first possibility is that there are

additional contributions to anisotropy that are not accounted for in the plastic inclusion model. The

second possibility is that the plastic inclusion model, while a good first order approximation to the

yield anisotropy, does not completely describe the interdependence of matrix and precipitate

strengthening.

To analyze the first possibility, one must consider the role in strengthening that secondary

factors play in a typical aluminum alloy. Some of the secondary contributions that have been

considered are microstructural factors such as gradients of Li and Cu in solid solution, non-random

precipitate distributions, and subgrains, or texture characteristics such as through-thickness texture

variation [7]. For the present alloy and other similar aluminum alloys, the strengthening

contributions due to solid solution and grain size strengthening are small relative to the

strengthening due to the pure matrix and precipitates. For this reason, any anisotropy in the solid

solution and grain size terms would appear to have a negligible effect on the overall yield strength

anisotropy of the alloy. In this alloy, no non-random precipitate distributions were observed.

For the overaged skin region of the extrusion, yield anisotropy due to through-thickness

texture variation is not significant because measurement of quarter-thickness pole figures reveals an

ODF that is virtually identical to the ODF generated at the half-thickness location. If this were not

the case, accounting for though-thickness texture variation could be accomplished easily be

measuring pole figures and creating an ODF from planes other than the half-thickness plane, and

attributing an appropriate fractional volume of the alloy to each ODF.

The second possible area of refinement is that the structure of the plastic inclusion model,

with matrix and precipitate effects linearly independent, is only a first order approximation that

neglects the interdependence of matrix and precipitate strengthening. This possibility is similar to

the idea behind the method of superposition used for multiple precipitates.

The inability of the plastic inclusion model to predict the magnitude of the strength variation

in the cap region brings into question the assumption that anisotropic precipitate strengthening is

correctly described as an independent strengthening term in this, and similar, alloys. In the present

form of the plastic inclusion model, yield strength of the precipitate is taken to be a constant.

Using an approach outlined by Hosford and Zeisloft [1], if the activated slip systems in the matrix

operate likewise on the precipitate, it is just as valid to write:

c_er,,r= M Xpl,'r (2)
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where(PPT is taken to be constant.

For a given slip system in a homogeneous alloy, critical resolved shear stress is taken to be

a constant, with no strain state or orientation dependence. The consideration above suggests that

the precipitate CRSS, rather than yield strength is constant. Incorporating this effect in Equation

(1) yields:

_vt

(_f = M 't:M (1 -f) +fM ZppT N (3)

The effect of multiplying Taylor factor (M) and precipitate strengthening factor (N) in the

second term tends to i) accentuate the anisotropy of precipitates on {111 } planes which exhibit a

similar anisotropy as Taylor factor and ii) minimize the predicted anisotropy associated with

precipitates on { 100} planes. Multiplying precipitate strengthening factor by Taylor factor

increases the magnitude of the plastic anisotropy of precipitates on { 111 } planes from 12% to 16%

and decreases the plastic anisotropy of precipitates on { 100} planes from 10% to 6%. This

refinement of the model used by Bate [3] substantially improves the agreement between the model

results and experimental observations for the case of the 2090 extrusion.

Conclusions

The plastic inclusion model, incorporating grain morphology and precipitate characteristics,

accurately predicts the yield anisotropy observed in the four different microstructures tested of the

AA2090 alloy.

The plastic inclusion model, _y = M "c+_f_ 6i Ni, predicts the plastic anisotropy of the

2090 alloy better than a model with Taylor factor as the only anisotropic parameter, Cy = M'c.

The Taylor factor model more accurately predicts the yield strength variation in the two overaged

specimens. This indicates that in alloys with a large precipitate strengthening contribution,

incorporation of anisotropic precipitate terms into a yield model is essential for accurate prediction

of the variation of yield strength.

Increased accuracy in the prediction of yield strength anisotropy will more likely come from

refinement of the present anisotropic terms in the plastic inclusion model or from consideration of

any interdependence of Taylor factor and precipitate strengthening anisotropies than from

construction of additional terms corresponding to secondary anisotropic contributions.

98



Tasks for the Next Reporting Period

Similar studies to that performed on the 2090 extrusion will be undertaken on the 2195 and

the 2096 extrusions. Experimental results from these two alloys should provide a good tool to

determine the macrostructural parameters in the inclusion models (effective flow strength of T 1,

0'and 5') because of the major difference in phase composition of the two alloys in the as-received

condition. Qualitatively, it is known that there is a _5' presence in the 2096 alloy, while there is a

complete absence of 5' and a concurrent T1 volume fraction increase in the 2195 alloy. This

manifests itself experimentally in a higher strength of 2195, which is apparently due to T 1 being a

more potent strengthener than 8' [8]. Compression testing of two regions in the 2195 extrusion

with distinct textures will allow determination of the effective flow strength of T1. Due to the

absence of 5' in the 2195 alloy, the yield anisotropy is primarily dependent on two aspects; texture

and T1 orientation. With two independent sets of compression data, the strengthening of each of

the two aspects can be explicitly deduced.

Examining the experimental results from three alloys of roughly similar compositions, but

containing widely varying microstructures, the basic strength inputs to the inclusion models, i.e.

shear stress for single slip of the matrix and the effective flow strength of the precipitates, should

be able to be determined. When these macrostructural constants are fixed, the viability of using

the plastic and elastic inclusion models for global plastic anisotropy predictions can be evaluated.

References

1. F. Hosford and R. H. Zeisloft, Metall. Trans., 3, 113 (1972).

2. Y. Chin and W. L. Mammel, Trans. TMS-AIME, 245, 1211 (1969).

3. Bate, W. T. Roberts, and D. V. Wilson, Acta metall., 29, 1797 (1981).

4. Bate, W. T. Roberts, and D. V. Wilson, Acta metaU., 30, 725 (1982).

5. F. Kocks and H. Chandra, Acta metalI., 30, 695 (1982).

6. J. Hales, microstructure of 2090.

7. K. Vasud6van, W. G. Fricke, Jr., R. C. Malcolm, R. J. Bucci, M. A. Przystupa, and F.
Barlat, Metall. Trans. A, 19A, 731 (1988).

8. C. Huang and A. J. Ardell, Journal de Physique, 48 (1987) C3-373.

99



Table1. Comparison of the correlation coefficients between the plastic inclusion model
and experimental results and Taylor factor and experimental results.

Plastic Inclusion Model Taylor factor

Condition __192 SD (MPa) __.o2

Skin 0.91 3 - 0.58

Cap 0.88 52 0.19

Overaged Skin 0.95 10 0.90

Ove_ 0.60 8 0.50
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a
b

C
d

Figure 1, TEM micrographs of the microstructures in (a) the skin region, (b) the cap

region, (c) the. overaged skin region, and (d) the overaged cap region of the 2090 alloy.
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Project #8: AI-Si-Ge ALLOY DEVELOPMENT

Faculty Investigator: E.A. Starke, Jr.
Graduate Student: H.J. Koenigsmann, Ph.D. Candidate

Research Objective

The objective of this project is to investigate the void nucleation and growth processes in a

recently developed A1-0.55Si-2.02Ge (wt.%) alloy. The relationship between precipitate size and

critical strain for cavity nucleation during plastic deformation is of primary interest.

Background and Approach

The ductile fracture of Al-Si-Ge alloys occurs by the nucleation, growth, and coalescence

of cavities. Since the ductility may be increased if the onset of cavity nucleation is delayed, it is

important to study the parameters controlling cavity nucleation [ 1]. This project investigates cavity

nucleation and growth associated with spherical SiGe precipitates that are one to two orders of

magnitude smaller than previously studied [1 ] and analyzes the experimental results using finite

element calculations.

Criteria for cavity nucleation are a complex combination of the second-phase particle size,

stress and strain levels, and local deformation modes [2]. There has been some debate as to

whether or not there exists a critical strain to nucleate cavities [ 1]. Gurland's studies showed that

there was no apparent nucleation strain [3], whereas Goods and Nix found experimental evidence

to support the concept of a critical nucleation strain [4]. Goods and Brown pointed out that cavity

nucleation is a process involving both stress and strain energy release so that there must be some

threshold value below which there is either insufficient stress to break the interface (or fracture the

particle itself) or insufficient elastic strain energy available for the creation of the internal surfaces

[1].

Brown and Stobbs developed energy and stress criteria that have to be satisfied

simultaneously in order to nucleate cavities. The energy criterion is based upon the idea that

cavitation by interface separation will not occur unless the elastic energy released by removing the

stress from the particle is at least as large as the surface energy created; this criterion predicts that

the critical strain for cavity nucleation is independent of the particle size [1, 5]. The stress criterion

is based upon a critical stress that reflects the increased difficulty of local flow near a particle due to

enhanced dislocation storage, and predicts that the critical strain for cavity nucleation is a linear

function of the particle radius if the critical stress is independent of the particle radius [ 1, 5]. The

last prediction correlates directly with experimental observations by Wilson who demonstrated that
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in plasticallydeformedsteels,the interracialstressdecreasesastheparticlesizeincreases[6,7].

A ternaryA1-0.55Si-2.02Ge(wt.%)alloywasprovidedby Alcoa.This is anidealalloy to study

cavitynucleationandin particulartherelationshipbetweenthecriticalstrainfor cavitynucleation

andtheprecipitatediametersincethealloywaspreparedfrom highpurity componentsand

thereforedoesnotcontainconstituentsandsincethesizeof the incoherentSiGeprecipitatescan

simply bechangedby varyingtheagingtime.Thealloy washomogenizedfor 30hoursat 500oC,

hotrolled,solutionheattreatedat490oC,coldwaterquenched,andagedin anair furnacefor up to

16daysat 160oC.

Samplesfor transmissionelectronmicroscopy(TEM) werepreparedusingstandard

techniques;all TEM examinationswereconductedusingaPhilipsEM-400Toperatedat 120kV.

Measurementsof theaverageradiiwereperformedbyquantitativestereologicalmethods[8] and

correctedfor truncationandoverlap[9]; foil thicknessesweredeterminedundertwo-beam

conditionsfrom oscillationsin intensityof convergentbeamelectrondiffraction(CBED)patterns

[101.

Scanningelectronmicroscopy(SEM)wasemployedin orderto studyfracturesurfacesand

void sizesusingaJXA-840Aor JSM-840Aoperatedat 20kV. Samplesstudiedathigh

magnificationsweresputteredwith Au in orderto decreasechargingeffects.Maximumvoid sizes

weredeterminedasafunctionof strainfor differentagingtimes(orprecipitatediameters)using

gagesectionsof tensilesamplesthatwerelongitudinallysectionedandmechanicallypolished.

Sincenovoidswereobservedin grip partsof tensilesamplesthatwereidenticallyprepared,

samplepreparationeffectscouldbeexcluded.

Roomtemperaturetensiletests[ 11]wereperformedusinganMTS 810servohydraulictest

machineoperatedin strokecontrolwith anextensometerto monitorstrain.Thesamplesweretested

in the longitudinaldirectionat astrainrateof 10-3s-1afteragingfor differenttimes.Thevolume

fractionof voidswasdeterminedthroughapycnometerby measuringdensitiesof thedeformed

gagesectionandthegrip part [12]; all measurementswereperformedbeforeneckingoccurred.

BothYoung'sandshearmoduli aswell asPoisson'sratioof theSiGeprecipitatesweredetermined

by ultrasonicvelocitymeasurementsin theternaryalloyandin pureAI assumingtheVoigt linear
law of mixtures[13].

Progress during the Reporting Period

Table I shows the results of the room temperature tensile tests performed with the ternary

alloy after aging at 160oC for different times [14]. With increasing aging time, i.e. increasing
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diameterof theSiGeprecipitates,thetensileductility decreasessignificantly,whereasthestrength

decreasesonly slightly.

Table I. Tensile Properties of AI-0.55Si-2.02Ge (wt.%) after Aging at 160oC.

Aging Time (d) Oy* (MPa) (YTS*(MPa) Ef* (%)

1 105 164 17

2 103 162 16

4 100 158 13

8 100 155 9

16 94 153 9

* (Yy - yield strength, _TS - tensile strength, Ef - plastic strain after fracture

The low magnification fracture surface of the ternary alloy aged for 16 days at 160oC

shown in Figure 1a reveals that fracture occurred as dimpled rupture. SiGe precipitates in the

dimples can be seen at high magnification (Figure lb) [15].

Figure 2 shows the results of the void volume fraction measurements [14] reflecting the

combined damage due to void nucleation and growth occurring during straining. Since all

measurements were performed before necking occurred, no correction for the effect of hydrostatic

tension is necessary [1J. The volume fraction of voids decreases with increasing aging time, i.e.

increasing diameter of the SiGe precipitates, at a given true strain value. The critical strain to

nucleate cavities (ec) determined from the experimental data by linear regression increases from

0.008 for an average precipitate diameter of 5.0 nm to 0.014 for an average precipitate diameter of

14.4 nm.

In order to explain the experimental observation that the tensile ductility decreases with

increasing aging time or precipitate diameter (Table I) while the critical strain for cavity nucleation
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increases(Figure2),themaximumvoid sizewasdeterminedasafunctionof strainfor different

agingtimes.Figure3 showsthatthevoid growthrateincreasessignificantlywith increasing

precipitatediameter[ 15]resultingin adecreaseof thetensileductility.

Thefinite elementmethodwasemployedin orderto calculatestressdistributionsaround

theSiGeprecipitatesfor differentprecipitatediametersusingbothelasticityandplasticitymodels

[ 16].Usingthis analysis,thehalf angleof thecavitycapswasfoundto beabout35oindependent

of theprecipitatesize.Thismeansthatthe initial voidsizeincreaseswith increasingprecipitatesize

[15]. It hasbeenshownthatthevoidgrowthrateincreaseswith increasinginitial void size [2, 17].

Therefore,an increaseof thevoidgrowthratewith increasingprecipitatesizeshouldbeexpected.

This is in agreementwith ourexperimentalobservationasshowninFigure3.

The finite element analysis also allows a quantitative comparison between the experimental

data and the prediction of a stress criterion for cavity nucleation [ 16] based on the model developed

by Brown and Stobbs as shown in Figure 4. The agreement between the prediction of the stress

criterion and the experimental data is excellent considering the experimental errors in the

determination of the volume fractions of voids and the appearance of triangular plates at later aging

stages in addition to spherical precipitates.

Conclusions

Finite element calculations reveal that the initial void size in a recently developed

A1-0.55Si-2.02Ge (wt.%) alloy increases with increasing precipitate size. This leads to an increase

of the void growth rate with increasing precipitate size and explains the experimental observation

that the tensile ductility decreases with increasing precipitate size while the critical strain for cavity

nucleation increases. Furthermore, the finite element analysis allows a quantitative comparison

between the experimental data and the prediction of a stress criterion for cavity nucleation

developed by Brown and Stobbs and confirms the prediction of their model.

Tasks for the Next Reporting Period

The dislocation generation and structure developed during deformation will be examined as

a function of the SiGe precipitate size using a TEM straining stage in order to obtain a better

understanding of the void nucleation process. The project is expected to be completed by May,

1996.
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Figure 1. Fracturesurfaceof AI-0.55Si-2.02Ge(wt. %) after aging at 160 °C for 16 days and

performing a tensile test in longitudinal direction.
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Project #9: EFFECT OF TEXTURE AND PRECIPITATES ON
MECHANICAL PROPERTY ANISOTROPY OF

A|-Cu-Mg-X ALLOYS

Faculty Investigators: Gary. J. Shiflet and Edgar A.Starke
Graduate Assistants: Birgit Skrotzki, Hinrich Hargarter

Dr. B. Skrotzki accepted a position at the Institut fuer Werkstoffe, Ruhr Universitaet

Bochum, Germany and left the University of Virginia at the end of August 1995. Her work as a

Post Doctoral Research Associate at UVA has been taken over by Dr. H. Hargarter.

Research Objectives

It is the objective of this project to determine the effect of texture on the precipitation of the

f_ phase and the 0' phase in modified AI 2519 with T6 and T8 heat treatment conditions and to

evaluate the effect of applied elastic and plastic stresses on nucleation and growth of the

strengthening precipitate phases. The associated relationship with anisotropy of the mechanical

properties will also be examined.

During the reporting period the investigations focused on the influence of creep exposures

on the precipitate microstructure of two recrystallized AI-Cu-Mg-Ag alloys in a T8 heat treatment

condition. The aim was to obtain quantitative data for the coarsening and possible preferential

growth of matrix precipitates as well as for the stability of grain boundary phases during creep.

Background and Approach

The A1-Cu-Mg-Ag alloys C415 and C416 had earlier been identified to have attractive

combinations of room temperature properties as well as good creep resistance, which makes them

promising candidates for HSCT applications. The hexagonal shaped f_ plates on the { 111 } matrix

planes, whose precipitation is stimulated by the Ag addition, are known to have a high thermal

stability [11. Still, a degradation of the fracture toughness has been observed in the alloys after long

term high temperature exposure [2]. Therefore the stability of the precipitate structure under typical

creep exposures needed to be investigated in detail. The study was also used to investigate whether

preferential orienting of precipitates in the AI-Cu-Mg-Ag alloys in the T8 occurs when creep loads

are applied, since earlier work on solution heat treated and T6 material indicated that external

stresses might only cause such orienting during precipitate nucleation.

The two alloys used in this study were provided by Alcoa as sheet material of 2.3 mm

thickness in the T8 heat treatment condition, with 2% stretch before aging. The chemical
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compositionis giveninTable 1.detailsof theheattreatmentandthemechanicalpropertieshave

alreadybeenreported[2].Only materialwith grainstructure"A" wasused.

Table 1. Actual chemical composition (wt-%)

Alloy

C415

C416

Cu Mg Mn Ag Zr Fe Si Ai

5.09 0.82 0.66 0.51 0.13 0.07 0.06 Balance

5.38 0.53 0.31 0.52 0.13 0.07 0.05 Balance

Alcoa also provided creep specimens which had been tested with the load parallel to the

rolling direction under conditions of either 1000 hr./30 ksi/275°F or approximately 500 hr./40

ksi/225°F. The creep specimens were prepared form the same sheet material with grain structure

"A", but besides the 2% stretch before aging, also specimens with 0.5% and 8% stretch were

provided.

TEM samples were prepared form the center of the sheet in the rolling plane and the rolling

direction was marked to allow the measurement of the angle between the precipitate habit plane and

the load direction during creep. The volume fraction, number density, diameter and thickness of

the precipitates were quantitatively evaluated, using the approach of Underwood for projected

images [3]. The fracture surfaces of tensile specimens, which were prepared from the crept

specimens and from the T8 sheet, were quantitatively investigated in a SEM.

Progress During the Reporting Period

Optical microscopy revealed that the sheet and the creep specimens of C415 used for the

study contained grains which were elongated parallel to the rolling direction whereas the grains in

C416 were mostly equiaxed.

The precipitate microstructure within the grains was investigated in the TEM for the initial

T8 heat treatment condition and for all different creep conditions. In both alloys only very few S'

precipitates were found. Therefore S' did not have to be taken into account for the quantitative

Stereology measurements, which were carried out for the f2 precipitates and the 0' precipitates to

determine the influence of the creep exposure on volume fraction, number density and dimensions

of the precipitates. It was found, that the precipitate microstructure is very stable.
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For C415theresultsarepresentedin Fig. 1.Comparedto theT8 conditionwith 2%stretchbefore

aging,thevolumefractionsof f_ and0' in the investigatedcreepspecimenswith thesameamount

of cold workdid notchangemuch.Onlyaverymoderateincreasein theaveragediameterof _ and

0' wasobservedasaresultof thecreeptest.Thegrowthof theprecipitatethicknessseemsto be

somewhatmorepronounced,especiallyin the0' phase.The f_ phaseshowsahigherresistance

againstcoarseningthan0'. The measurementsof volumefractionandnumberdensitydonot show

cleartrends.However, theresultsdonot indicatearelevantshift in volumefractionfrom one

phaseto theotherorsignificantprecipitategrowthontheexpenseof alreadyprecipitatedparticles.

Theresultsfor C416,presentedin Fig. 2, showfor bothphasesincreasedprecipitated

volumefractionsafterthecreeptests.Like in C415someprecipitategrowthwasobservedin the

thicknessaswell asthediameter.Themoderatecoarseningdid not occurontheexpenseof already

precipitatedparticles,becausethenumberdensityof precipitatesdid not drop.For_2evenan

increasein thenumberof precipitatespervolumewasfound.

Comparingthetwo alloys it wasfoundthatC416hadahighervolumefractionof 0' than

C415,probablydueto thehigherCucontentin C416. The number density of f2 in the latter alloy

is significantly lower than in C415. This indicates that 0' is formed at the expense of g2. Higher

strength levels of C415 than of C416, reported in [2], can be related to this fact since the overall

dimensions, volume fraction and number density of precipitates are comparable in both alloys.

It seems that different stretch level before aging do not significantly affect the growth behavior of

the precipitates under the investigated creep conditions. At least no perceptible trend was observed.

As an earlier result of this project it was found in a comparable alloy that under creep conditions

preferential nucleation and/or precipitate growth occurred depending on the orientation of the habit

planes relative to the load axis [4J. Therefore the volume fractions of _ and 0' were determined

separately for every precipitate habit plane and the angle between the precipitate and the direction of

the applied load was measured. No preferential orientation of either f2 or 0' was found in the crept

specimens. Since in the initial T8 condition the precipitates were randomly oriented the results

show that no preferential growth/coarsening occurred during the creep tests.

The result is in contradiction to observations for other alloys where it has been found that

stress orienting occurs primarily by selective coarsening and that the nucleation effect is rather
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small[5].This mightbedueto thefactthattheprecipitatesin theotheralloysystemshavea

differentmorphologyanddifferentamountsof positiveornegativemisfit with respectto the

matrix.As acertainthresholdstresshasto beexceededbeforepreferentialnucleationoccursit

mightaswell bethatfor preferentialcoarseningathresholdstressexist [4].This wouldmean,that

theappliedstressesin thecreeptestswerenothighenoughto resultin orientedprecipitategrowth.

It hasalsobeensuggested,thatthereiscritical temperature[6]. However, it appears very likely that

in the investigated A1-Cu-Mg-Ag alloys precipitate orienting is purely a nucleation effect because of

the high misfit between the nucleus and the matrix. During growth, the elastic accommodation

strain should be minimized by the requisite height of the growth ledge.

The influence of creep on the grain boundary precipitates was investigated by studying the

grain boundary areas in the initial T8 material and in samples that had been creep tested for 1000

hr./30 ksi/275°F in the TEM. The material with 2% stretch before aging was chosen. The grain

boundaries were found to be almost continuously covered with very fine particles. EDX analysis

as well as electron diffraction patterns indicated these precipitates to be most likely of the 12 phase.

Larger but more irregularly spaced particles of the _2 or S phases with a wide spread of

sizes were also found on all grain boundaries. Less often, the large constituent phases with

dimensions in the micrometer range were located at the boundaries. An evaluation of the grain

boundary precipitates in a quantitative way as had been done for the matrix precipitates proved to

be very difficult. The large scatter in spacing and size and the many involved factors like

orientation of the grain boundary with regard to the load axis and the influence of the misalignment

between adjacent grains resulted in statistically insufficient data. However, some qualitative

conclusions can be drawn from the TEM observations. No obvious differences in the appearance

of grain boundary precipitates could be found between the crept samples and the initial sheet

material. Also precipitate free zones along the grain boundaries with a width of about 50 nm were

found before as well as after the creep tests. No significant differences could be detected between

C416 and C415.

In order to obtain quantitative data for the grain boundary precipitates to proof the high

microstructural stability of both alloys under the investigated creep conditions, tensile specimens

were prepared from the remainders of the creep specimens and from the sheet and pulled to

fracture. Quantitative analysis of the area fractions with grain boundary fracture and transgranular

fracture was conducted using a SEM. Fig. 4 shows typical SEM micrographs of the fracture

surfaces for both alloys. Fracture occurred in the T8 heat treatment condition in C415 and in C416

by a mixed mode, consisting of transgranular dimple fracture as well as fracture along grain
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boundaries.Thefracturesurfacesfromcreptspecimenswereof similarappearance.Micrographs

with highermagnificationdemonstratethedimpleson thefracturedgrainboundaries,whichwere

inducedby thegrainboundaryparticles(Fig.5). Theresultsof analyzingtheareafractionwith

grainboundaryfracture,representingabout300grainsfor eachcondition,arepresentedin Fig. 6.

Thechangein thepercentagewithgrainboundaryfractureasaresultof thecreeptestsis well

belowtheexperimentalerror,indicatingthatnosignificantchangein grainboundaryprecipitatesor

growthof particle freezonesoccurred.

Conclusions

FortheA1-Cu-Mg-AgalloysC415andC416it hasbeenfound,thattheprecipitate
microstructurein theT8 heattreatmentconditionis verystablefor investigatedcreepconditionsof

1000hr./30 ksi at 275°Fand500hr./40 ksi at 225°F.Slow coarseningof thepredominant

strengtheningphasesf_ and0' undertheseconditionshasdirectlybeenshownby performing

quantitativeanalysisof thematrixprecipitates.Also,noevidenceof selectivegrowthor a

preferentialalignmentin thedirectionof theloadaxisduringcreepexposurewasfoundfor both

precipitatephases.In thesealloysprecipitateorientingmightthereforebeapurenucleationeffect.

As for thestability of thegrainboundaryprecipitatesonlyqualitativeresultscouldbeenobtainedin
theTEM observations.No obviouscoarseningof thegrainboundaryprecipitatesor growthof the

precipitatefreezoneswasfoundfor bothalloys.Indirectlythestabilityof thegrainboundary

precipitatestructurehasbeenproofedby aperformingaquantitativeanalysisof thefracturesurface

of roomtemperaturetensiletests.Nochangein theareafractionwithgrainboundaryfracture

occurreddueto thecreepexposure.TheirhighmicrostructuralstabilitymakestheA1-Cu-Mg-Ag

alloysverypromisingcandidatesfor HSCTapplications.

Tasks for the Next Reporting Period

At an earlier stage of this project it has been shown, that in the A1-Cu-Mg-Ag alloys a

preferential alignment of the different precipitate phases can be achieved by aging under stress. The

influence of such orienting on the directionality of the mechanical properties needs to be

investigated. Aging under stress also offers the opportunity to investigate, whether the platelike

precipitates on { 111 }-planes differently influence the mechanical properties than precipitates on the

{ 100}-planes.

Therefore work has already begun to study effect of preferential precipitate orientation on

the tensile properties. By performing the aging under stress at different stress levels, either only 0'
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(on { 100})or_ plus0' will bepreferentiallyoriented.Thetensilepropertiesof theagedmaterial

will thenbedeterminedparallel,perpendicularandunder45degrees,to thestressaxisduring
aging.To separatetheeffectof thepreferentialorientationof theprecipitatesfrom textureeffects,

theexperimentswill beperformedusing an early lot of modified 2519 material (#689248B: A1-

5.75Cu- 0.52Mg- 0.3Mn- 0.49Ag- 0.16Zr). This material was found to have an almost random

texture. Quantitative Stereology will be used to establish the degree of orienting. Based on the

tensile data, the mechanical behavior will be modeled.
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(a) C415-T8 (b) C415-T8 + 1000hr./30 ksi / 275°F

(c) C416-T8 (d) C416-T8 + 1000hr./30 ksi / 275°F

Fig.3 Grain boundaries (TEM). No change in width of adjacent precipitate tree zones
during creep tests.
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(a)C415-T8 (b) C415-T8+ 1000hr./30ksi / 275°F

(c) C416-T8 (d) C416-T8 + 1000hr./30 ksi / 275°F

Fig.4 Tensile fracture surface (SEM). Mixed fracture mode before and after creep.
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(a) C415-T8 (b) C416-T8

Fig.5 Detail from Fig. 4. Dimpled type of grain boundary fracture, due to grain boundary
precipitates.
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Project # 10a: FREQUENCY-DEPENDENT FATIGUE CRACK
PROPAGATION IN 7000 SERIES ALUMINUM
ALLOYS IN AN AGGRESSIVE ENVIRONMENT

Faculty Investigator: R.P. Gangloff
Graduate Assistant: Zuhair M. Gasem

Research Objectives

The current goal of this Ph.D. research is to gain a better understanding of loading

frequency effects on the corrosion fatigue crack propagation behavior of precipitation hardened

7000 series aluminum alloys in aqueous chloride. The underlying premise of this research has been

to determine inputs for micro-mechanical/chemical modeling of fatigue crack propagation in

aggressive environments. We ultimately seek to understand mechanisms of crack tip process zone

damage. Specific objectives are to :

• characterize intrinsic and extrinsic environmental effects on da/dN-AK behavior for high

strength aluminum alloys, of different tempers, as a function of loading frequency for

exposure to an aqueous chloride solution.

• understand environment-induced fatigue crack closure and its contribution to environment-

assisted fatigue growth.

• characterize the microscopic path of environmental fatigue.

understand alloy composition and microstructure factors that govern the time-dependence

of da/dN.

Background and Significance

The understanding of environmental effects on fatigue crack propagation in high-strength

aluminum alloys used in structural components of aerospace systems is essential for incorporation

into software such as NASA/FLAGRO. This code is used to analytically predict the growth and

stability of preexisting cracks. Fatigue crack propagation rates in metallic alloys strongly depend on

the environment [1 ]. The extent of the deleterious interaction between the environment and the

alloy is time-dependent, and thus cyclic loading frequency effects are of great importance for

realistic life predictions. Effort has been expended on determining the suitability of a superposition

model for aluminum and titanium alloy systems [2,3]. It was concluded that time-based crack

growth rates from quasi-static load experiments are an order of magnitude too small for acceptable

linear superposition prediction of fatigue crack growth rates for loading frequency above 0.001 Hz

in aqueous chloride. A more fundamental approach must be identified for accurate life prediction.
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Technical Approach

Various variables affect fatigue crack propagation of 7000 series aluminum alloys in

aqueous chloride [4]. Crack growth kinetics, crack path, and fracture surface topography are

influenced by aggressive environments [5-7]. Loading frequency, stress intensity factor range,

stress ratio, crack orientation, microstructure, electrode potential, loading wave-form, and

environment- induced crack closure must be considered in order to fully characterize the corrosion

fatigue process. The current effort was concerned initially with the effects of frequency and stress

intensity level.

Materials

The widely used commercial aluminum alloy 7075, in peak-aged ( T651 ) and over-aged

( T7351) conditions, has been investigated in 3.5% NaC1 solution. The composition and

mechanical properties of the 7075 aluminum alloy are given in Table 1.

Table 1: Chemical Composition and Mechanical Properties of 7075

Aluminum Alloy

Chemical Composition(wt. %)

Zn

5.1-6.1

Mg

2.1-2.9

Ca

1.2-2.0

Cr

0.2-0.4

Mn

0.3*

Ti Fe Si

0.2* 0.7* 0.5*

* maximum wt. %

A1

bal

Mechanical Properties(T651 )

Yield Strength (MPa)*

472

* loading axis parallel to L.
** S-L orientation

Tensile Strength (MPa)* Elongation* % KIt** (MPa'_m)

540 4.0 22.2

Fatigue Crack Growth Experiments

Fatigue crack propagation experiments were conducted on WOL specimens, 7.62 mm in

thickness, machined in the sensitive S-L orientation. Crack growth rates were measured in

constant stress intensity control at different frequencies using a sinusoidal loading wave-form. All

tests were performed at the open circuit electrode potential in aerated 3.5% solution of NaCI in
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deionizedwater(-770mV vs.Ag/AgC1electrode).Thesolutionwascirculatedin aplexiglasscell

designedto fully immersethemachinednotchandthecrackpathregion.
A constant stress ratio of 0.1 was employed throughout each test. The crack length and

crack closure levels were monitored using the elastic compliance method with a clip gage mounted

across the mouth of the machined notch. A constant crack length increment was used to store a

crack length measurement versus number of cycles and Kclosure. A total crack length interval of

2.5 mm was employed for each test. Fatigue crack growth rates were obtained using linear

regression analysis. The closure level was evaluated in the unloading direction at an offset of 2%

from the linear slope behavior of the load-displacement curve. The closure level varied over the

crack length interval at constant applied AK and only the average value has been reported.

All tests were conducted in a computer automated MTS servohydraulic machine and

performed in general accordance with the ASTM Standard Test Method for Measurement of

Fatigue Crack Growth Rates, E647-91.

Progress During the Reporting Period

Environmental fatigue crack growth rate data were obtained for a wide range of DK (6 to

15 MPa_/m ) and frequency ( 0.01 to 50 Hz) for both alloy variants. Data obtained correspond to

the Paris regir_:e of the fatigue crack growth curv,_. The variation o_ Iatig_Je crack growth rate with

frequency at AK of 9 and 15 MPaqm is shown for the TO ( Figure 1 a) and r7 (Figure 1 b)

conditions of AA 7075. For the uninhibited chloride solution, the behavior is reasonably described

by three distinct frequency-dependent FCP rate regimes. At high frequency regime (f > 1 Hz,

Region 1 ), FCP rate increases as the frequency decreases until a maximum rate is reached at about

1 Hz. This maximum FCP rate is hypothesized to be associated with a saturation of

environmental damage. This regime can be rationalized; more time is available for environmental

interaction, as the loading frequency decreases, and crack tip damage increases until saturation is

reached.

Region 3 ( f < 0.1 ) is believed to be extrinsic in nature where a high closure level has

occurred, as can be inferred from Figure 2. The closure level increases, from environment-

independent plasticity-induced closure at high frequencies to enhanced closure at lower

frequencies due to an accumulation of corrosion debris on the fracture surface. The closure level

( defined as Kclosure/K max ) at 50 Hz approached a plasticity-induced closure value (0.34)

estimated from Newman's closure model [8]. This behavior was evident for both variants of 7075,

as shown in Figure 2. The relatively high scatter in closure data is attributed to the variation of

closure along the crack interval, while only the average value is reported. A more appropriate
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methodof reportingshouldbeusedin thefuture.

Region2 describesmildly frequency-dependentFCPratesgovernedby acompetitive

processbetweenextrinsicretardationfrom thehighclosurelevelandtheoperating( saturated)
environment-assistedfatigueprocess.Datafor 7075-T651at K of 15MPa_/mwereobtainedin

inhibitedsolutionwhichmightalterthetrendfoundfor theuninhibitedconditiondueto adifferent

corrosionproductproductionrateandconsequentlydifferentclosurelevels.Figure1alsoindicates

thatRegion2 is sustainedoveranarrowerfrequencyrangefor theT7351variantcomparedto

T651.Thehigherclosurelevelassociatedwith theformertemperis apparentlyresponsiblefor this
behavior.

Figure3presentslimiteddataon7075in 3.5%NaCIsolutionfor thehighfrequency
regimeatadditionalconstantAK levels (6 and 12 MPa_/m). The similar frequency-dependent

FCP rates at different AK suggests that the environment-assisted fatigue process in this frequency

regime not only depends on time, but also depends on the mechanical driving. In other words, it is

a cycle-time-dependent process. Further tests are required in this region to better understand the

frequency-dependent FCP rates.

The extent of the environmental effect on FCP rates, defined as [da/dN]NaC 1 / [da/dN]air,

depends on stress intensity range as evidenced in Figure 4 for both tempers. Data for FCP in air

were based on testing at constant AK at a single frequency of 1 Hz. This finding emphasizes the

time nature of environmental fatigue, since at lower AK ( slower da/dN ) more time is available for

damage to evolve and hence a larger environment contribution to FCP rate is observed. For

example, considering 7075-T651 at 0.5 Hz, the ratio of [da/dN]Naa / [da/dN]air is about 15 at

AK of 6 MPaqm while the ratio is 8 at AK of 12 MPa_m.

Overaging is often used to improve the stress corrosion cracking resistance of alloy 7075

[9]. The T7351 temper has exhibited better resistance to SCC in both laboratory evaluations and

outdoor exposure over the peak strength temper, T651. For AK of 9 MPA_/m, Figure 5 indicates

that the corrosion fatigue crack propagation resistance of the overaged variant of 7075 is only

slightly higher than that of the peak strength at high and intermediate frequencies ( Regions 1 and

2). However, the difference between the performance of these variants is more pronounced in

Region 3 where retardation from closure is predominant. Reasons for higher closure levels

associated with the overaged temper are under investigation.

Tasks for the Next Reporting Period

Work is in progress to better understand frequency effects on FCP rates for 7075 in

aqueous chloride. Further tests are required which examine the sensitivity of closure to variables
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suchastestfrequency-sequenceandexposuretime.At presentnoeffort hasbeendirectedto

investigatetheunderlyingenvironment-assistedfatiguemechanismsinvolvedin this system.The

following arepossiblefutureroutesfor study:
• generateFCPdataat asinglelow AK level (2 to 3 MPa_/m)atahighfrequencyanda high

loadratioto determineif theenvironmentalfatiguemechanismandmicrostructural

sensitivitieschange.

• find amethodto cleanthefracturesurfacewithoutalteringsurfacefeaturesfor high

resolutionfractographicstudiesand/orfind a suitableinhibitor whichdoesnotobscurethe

environmentaleffectbutpreservesthefracturesurface.

• studyloadfrequency-sequenceeffectsandexposureeffects,if any,onFCPratesand
closure.

• minimizethehigh variationin Kciosurelevelsby reducingthecrackgrowthintervalor/and

by usingabettermethodof analysis.

• studytheloadratioeffecton theclosurelevel in boththehighandlow frequencyregimes.

Higherloadratiowouldreducetheclosureeffectandthuspresentmoreintrinsicbehavior.
• determinethemicrostructuralfeatureswhich influenceenvironmental-assistedFCP.In

additionto 7075,7050will bestudied.A parallelstudysponsoredby Alcoa is examining

theeffectof ht_attreatmentandCucontenton tbequas.-statici,'_adS(:C_e_istaliceof 7050.

Theseresults,andassociatedTEM work atLehighUniversity,will provideabasisto

analyzemicrostructraleffectsontime-cycledependentenvironmentalfatiguein 7000series

alloys.
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Project #10b: MODELING ENVIRONMENTAL EFFECTS IN FATIGUE
CRACK PROPAGATION

Faculty Investigator: R.P. Gangloff
Graduate Assistant: E. Richey III

Objective

The general objective of this research was to develop a method for incorporating

environmental effects on fatigue crack propagation (FCP) rates in metals into damage tolerant life

prediction codes such as NASA FLAGRO. Specific goals of the research were to:

• Develop a computer program which models the effect of corrosive environments on

FCP behavior, including:

• implementation of the Wei and Landes linear superposition

model.

• an interpolative model which extends the empirical approach

used in NASA FLAGRO.

• the capability for the user to fit multiple power law segments

to da/dN versus K data.

° Establish a data base of environmental crack growth rate data for Ti-6A1-4V in

aqueous chloride to provide a basis for testing the computer models. Specifically:

• Determine the effect of loading rate on the stress corrosion

cracking (SCC) susceptibility of Ti-6A1-4V (MA, ELI) in a

3.5% NaC1 solution through constant crack mouth opening

displacement rate tests.

° Determine the effect of frequency and stress ratio on FCP in

Ti-6AI-4V (MA, ELI) in moist air and a 3.5% NaC1

solution.

Progress During the Reporting Period

Computer Modeling Methods

Recent research on this project included successfully defending a Master's Of Science

dissertation1 in May 1995. The thesis is being published as a NASA contractor report, and details

the research conducted in developing the computer models as well as the experimental results for

Ti-6A1-4V (MA, ELI).
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A computerprogramwasdevelopedwhichimplementedtheWei andLandeslinear

superpositionmodel,theinterpolativemodel,andallowedusersto fit multiplepowerlaw segments

to fatiguedata.Theprogram,UVAFAS.EXE,wassentwith thesourcecodeto NASA Langley
ResearchCenterandNASA JohnsonSpaceCenterfor possibleimplementationintoFLAGRO.

Theprogramwaswrittenin FORTRAN77,andcompiledusingaprofessionalmulti-platform

FORTRANcompilerfromWATCOM, Inc. Thelinearsuperpositionandinterpolativemodelsare

discussedin detail in theNASA contractorreport"ComputerModelingtheFatigueBehaviorof
Metals in CorrosiveEnvironments."2

Theinterpolativemodelwastestedfor Ti-6A1-4Vin 3.5%NaC1,1.0%NaC1,andmoistair

environments.Themodelwasusedto interpolatetheeffectsof frequency(f) and stress ratio on

FCP. The model accurately interpolated trends in fatigue behavior when the interpolated load

characteristics were inside the range of data used to determine the constants in the crack growth rate

equations. Interpolative models do, however, show substantial deviation between predicted and

experimental results when the target load characteristics are outside the range of data used to

establish the constants in the crack growth rate equations.3

The linear superposition model was tested for the same material-environment systems

employed by Wei and Landes4, SpeidelS, and Harmon et. al.6 in an attempt to duplicate their

results. The current linear superposition model yielded improved results due to the improved

accuracy of the numerical algorithm used to calculate the stress corrosion component of corrosion

fatigue. The model was also tested for standard and ELI grade Ti-6A1-4V in 3.5% NaC1. The

linear superposition model accurately predicted FCP rates in standard grade Ti-6A1-4V for K

values where Kma x exceeded the SCC threshold, KIscc. The model was not applicable to ELI

grade Ti-6AI-4V due to the increased SCC resistance of the alloy.

Environment Assisted Cracking (EAC) of Ti-6A1-4V

Mill annealed Ti-6AI-4V in the extra low interstitial (ELI) condition (heated for eight hours

at 760°C, vacuum furnace cooled) was obtained from President Titanium. Compact tension (CT)

specimens were machined in the L-T orientation with a width of 63.5 mm and a thickness of 6.4

mm. The chemical composition and selected mechanical properties of the alloy are shown in Table

1.

Recent research regarding the corrosion fatigue behavior of Ti-6A1-4V (MA, ELI) focused

on determining the effect of frequency on da/dN at constant AK values, as well as determining the

effect of loading rate on the SCC susceptibility of Ti-6AI-4V. Figure 1 presents results which

demonstrate the effect of frequencies between 0.03 and 40 Hz on the da/dN versus AK behavior of
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Ti-6A1-4V (MA, ELI) in 3,5% NaCI solution (-500 mVscE) for fixed AK values of 12.5 and 25

MPa'4m. As seen in Figure 1, da/dN increases with increasing frequency, with da/dN (fo.J to 0.2.

ELI Ti-6AI-4V does not exhibit the "frequency crossover" seen in standard grade Ti-6Al-4V by

Dawson and Pelloux.7

Table 1: Chemical Composition

Chemical Composition (wt. %)

A1

and Mechanical Properties of Ti-6AI-4V

V C N Fe O H Y Ti

6.17 4.33 0.025 0.011 0.19 0.12 0.0055 0.0005 balance

Mechanical Properties

Yield Strength
MPa (ksi)

Tensile Strength
MPa (ksi)

Elongation
Percent, %

Reduction
Area, %

940 (136) 982 (142) 13 30.2

The SCC susceptibility of ELI Ti-6A1-4V was studied as a function of loading rate. Figure

2 is a plot of the stress intensity for crack initiation (K'm) for Ti-6A1-4V (MA,ELI) in 3.5% NaCI

(-500 mVscE) for all experiments conducted to date. These experiments were conducted under

constant crack mouth opening displacement (CMOD) rate, with dK/dt determined prior to crack

initiation. The experiments conducted during this reporting period were for CMOD rates of 4.0 x

10-3 mm/sec (dK/dt = 0.32 MPa_]m/sec) and 6.0 x 10-4 mm/sec (dK/dt = 5.3 x 10-2 MPa_]m/sec).

Table 2 summarizes the K-rH values determined for these loading rates, as well as the results of

previous experiments. The alloy exhibits a minimum value of KTH at a dK/dt between 4 x 10-3 and

5 x 10-2 MPa_m/sec. The alloy does exhibit greater resistance to SCC than standard grade

Ti-6A1-4V. Standard grade Ti-6AI-4V exhibits a Kisc¢ of 23 MPa'4m 7, while ELI grade

Ti-6A1-4V exhibits KTH values greater than 44 MPa_/m. Moskovitz and Pelloux8 reported a

similar dependence of K-r_ on loading rate for another t_+ 13titanium alloy, Ti-6A1-6V-2Sn in

3.5% NaCI.
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Table 2: KTH

i

CMOD Rate (mm/sec)

2.9 x 10-5

4.5 x 10-5

1.3 x 10-4

6.0 x 10-4

4.0 x 10-3

as a Function of Loading Rate for Ti-6AI-4V (MA,ELI)

dK/dt (MPaqm/sec) KTH (MPaqm)

1.6 x 10-3 58.7

3.7 x 10-3 54.7

1.1 x 10-2 > 44.03*

5.3 x 10-2 59.4

3.2 x 10-1 71.0

Conclusions

Computer Modeling Methods

1. The computer program developed during this research, UVAFAS.EXE, provides a

reasonable method for modeling time dependent environmental FCP rates as a

function of stress ratio, frequency, and hold time.

2. Linear superposition is effective for limited material/environment systems where the

alloy is extremely sensitive to SCC, and the contribution of SCC to crack growth is

significantly greater than that of inert environment mechanical fatigue.

3. Linear superposition is effective for standard grade Ti-6A1-4V (MA) in aqueous

chloride when Kmax exceeds KIscc. Linear superposition is not applicable to ELI

grade Ti-6AI-4V due to the increased stress corrosion resistance of the alloy.

4. The interpolative model can be used to describe environmental FCP when the

loading variables where data are interpolated lie within the range of the establishing

data base.

3* For this CMOD rate, the load was increased monotonically in 65 minutes to a level corresponding to a stress

intensity of 44 MPa_/m. Since cracking was not observed, the load was held constant for 137 hours at this level.

The crack did not grow during this time.
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Environment Assisted Cracking (EAC) of Ti-6AI-4V

1. ELI Ti-6A1-4V exhibits a greater resistance to SCC than standard grade Ti-6A1-4V,

possibly due to the lower oxygen content of the ELI grade or a texture difference.

Standard grade Ti-6AI-4V exhibits a Kiscc value of 23 MPa_/m in 3.5% NaC1,

while ELI grade Ti-6AI-4V exhibits KTn value greater than 44 MPa_/m. Ti-6AI-4V

exhibits a slower da/dt than standard grade Ti-6A1-4V.

2. ELI Ti-6A1-4V does not exhibit the "frequency crossover" effect seen in standard

grade Ti-6AI-4V. ELI Ti-6A1-4V exhibits a mild frequency dependence for AK

levels of 12.5 and 25 MPa_/m in a 3.5% NaC1 solution for R = 0.1. For both K

levels, da/dN is proportional to f 0.1 to 0.2.

Future Work

This project was completed in 1995. Mr. Richey obtained his Master's of Science degree

in Mechanical Engineering and has been accepted into the PhD program in the Materials Science

and Engineering Department at the University of Virginia. Research in 1996 will emphasize

corrosion fatigue in 7xxx aluminum alloys, as outlined in the 1996 renewal proposal for this

LA2ST grant. Mr. Zuhair Gasem is the graduate student who will conduct this work.
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